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BRIEF FOR APPELLANT 



This brief is filed in support of Applicants' Appeal from the final rejection mailed 
7/12/2007. Consideration of the application and reversal of the rejections are respectfully urged. 

Real Party in Interest 

The real parties in interest are University Health network and Molecular Templates Inc. 

Related Appeals and Interferences 

The Applicant's knowledge, there are no related appeals or interferences. 

Status of Claims 

Claims 1-7, 9-18, 20, 24, 25, 27-29, 32, 33, 37-41 and 43 are pending in this application. 
Claims 8,19,21, 22, 26, 30, 3 1 , 34-36 and 42 have been canceled. Claims 1 7, 24 and 25 are 
withdrawn from consideration. Claims 1-7, 9-16, 18, 20, 27-29, 32, 33, 37-41 and 43 are the 
subject of this appeal. 

Status of Amendments 

No amendment after final rejection was filed. 
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Summary of Claimed Subject Matter 

The present invention relates to a method of making cytotoxic proteins (independent 
claim 1) and to the use of these proteins in identifying therapeutic proteins (independent claim 
18), in the construction of diagnostic probes (independent claims 27); and in the making of 
targeted medicaments (independent claims 32). The invention further relates to a method of 
making nucleic acids that encode the cytotoxic proteins (independent claim 37). 

The claimed invention makes use of a ribosome inactivating protein (RIP) as a starting 
point in the making of cytotoxic mutant proteins. RIPs are known in the art, and have two or 
more subunits or domains commonly referred to as A and B subunits, a toxin domain and a 
binding domain. (Page 2, lines 5-6) Based on their ability to block protein synthesis, proteins 
such as Shiga and Shiga-like toxins as well as ricin, abrin, gelonin, crotin, pokeweed antiviral 
protein, saporin, momordin, modeccin, sarcin, diphtheria toxin and exotoxin A have been 
referred to as ribosome-inactivating proteins. (Page 2, lines 11-15). 

In the present invention, an RIP is selected, and mutations are then introduced into the 
binding domain of the RIP. (See, Claim 1 , steps A and B, Page 2, lines 23-27). The mutant (or 
variant) forms of the RIP are used to create a library of microorganisms that produce the variant 
RIP. (Claim 1 , step C, Page 2, lines 3 1-32) and then testing the produced proteins against 
screening cells. (Claim 1, Step D, Page 3, line 1-5). Desirable mutants/variants are selected in 
the assay. The selection process is characterized by the use of screening cells which are 
insensitive to the starting RIP (before introduction of the mutations) and the selection of mutants 
based on the observation of toxicity. (Claim 1, Step D; Page 7, lines 14-16). Additional copies 
of that mutant/variant are made (Claim 1 , Step E). 

The additional copies of the selected proteins can be used to identify therapeutic proteins 
that binds to the target cells (Claim 18, Page 7, lines 8-16); making a diagnostic probe by 
labeling the mutant protein with a detectable marker (Claim 27; Page 4, lines 10-17; Page 9, line 
20-Page 10, line 21); and making a targeted medicament by selecting the mutant/variant toxic 
protein, and then replacing the toxin portion with a medicament portion. (Claim 32, Page 10, 
lines 23-31). 
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Grounds of Rejection to be reviewed on Appeal 

Claims 1-7, 9-16, 18,20,27-29, 32,33,37-41 and 43 stand rejected under 35 USC § 112, 
first paragraph, as failing to comply with the written description requirement. 

Claims 1-7,9-16, 18,20,27-29, 32,33,37-41 and 43 stand rejected under 35 USC § 112, 
first paragraph, as failing to comply with the enablement requirement. 

Argument 

The claims in this application stand rejected under 35 USC § 1 12, first paragraph, as 
lacking both written description and enablement. These rejections appear to based on the 
Examiner's failure to understand the invention, and hence to understand both appropriateness of 
the disclosure to that invention. Since this issue is common to both rejections, it will be 
addressed first, prior to addressing the individual contentions made by the Examiner. 

The method of this application makes use of an RIP protein. The RIP protein has two 
parts, a binding subunit or domain and a toxin subunit or domain. This can be graphically 
represented as 

BD-TD 

For the toxic subunit or domain (TD) to be toxic to a cell, that cell must have a receptor to which 
the binding domain (BD) binds. In the method of the invention, the selected protein to be used 
(mutated) in the assay and the cells to be tested to have certain properties in relationship to one 
another, namely the cells are insensitive to the unmutated toxin at the levels used in the test. This 
is an indication that the cells do not possess a receptor that binds to BD. 

Once the combination of the test cells and the starting protein is chosen, the variant forms 
of the protein are created in which mutations are introduced into the binding domain. The 
variants are then added to the test cells and a selection is made based on observed toxicity. Since 
toxicity only occurs when the binding domain BD recognizes and interacts with a receptor on the 
cell, it follows logically that the variant that produces toxicity must now have a binding domain 
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that has a different specificity than the unmutated RIP protein and that this different specificity is 
one that recognizes a receptor on the cells used in the test. To perform this test, it is not 
necessary to know what the receptor on the target cells is, nor to design a binding domain to 
match it. The toxicity acts as a reporter, that makes it evident which cell line in the library 
expresses a randomly mutated binding domain of the starting RIP that has acquired binding 
capability in the new environment provided by the test cells. 

For real world application, the starting point of the assay will be a selection of cells for 
which a binding domain is desired. These cells are then tested against RIPs to identify one or 
more wild type RIPs to which the cells are insensitive. These are the RIP proteins that arc 
initially selected and utiized to geneate binding domain mutants for further tested. 

The Written Description Rejection 

The Examiner has rejected claims 1-7, 9-16, 18, 20, 27-29, 32, 33, 37-41 and 43 under 35 
USC § 1 12, first paragraph. In the statement of the rejection that appears on page 4 of the 
Official Action mailed July 12, 2007, the Examiner raises several arguments which he contends 
support the written description rejection. 1 

First, the Examiner asserts that "the specification does not provide a description for the 
full scope of making cytotoxic mutant proteins for any heteromeric ribosome inactivating protein 
toxin because the specification does not describe the nucleic acid sequences for ribosome 
inactivating protein." Applicants submit that it is appropriate to consider this aspect of the 
written description issue in light of the decision of the Court of Appeals for the Federal Circuit in 
Capon v. Eshhar, 76 USPQ2d 1078 (Fed. Cir. 2005). Capon involved an interference 



In the Official Action of July 12, 2007, the Examiner repeats verbatim the text of 
previous rejections, and then has a section entitled response to arguments mailed 
1 1/20/2006 which starts on Page 7 of the Official Action, and another response to 
arguments section that starts on Page 10.. This presentation is confusing, however 
it is Applicants' understanding that the issues in this appeal are those discussed 
commencing on Page 10. 
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proceeding, in which the Patent Office Board of Appeals found that neither applicants disclosure 
met the written description requirement Both applications related to chimeric genes designed to 
combine DNA encoding known antigen-binding domains and known lymphocyte-receptor 
protein into a unitary gene. Both applications claimed such chimeric genes generically. The 
Patent Office Board of Appeals and Interferences held that there was a lack of written description 
because the applications claimed the invention in terms of function, instead of specific sequences 
or structures. In vacating and remanding the holding of the Board of Appeals, the Federal Circuit 
observed that "the 'written description' requirement must be applied in the context of the 
particular invention and the state of the knowledge." 76 USPQ2d at 1084-5. Thus, there is no 
absolute requirement for an exhaustive recapitulation of known sequences. 

The invention here is a method, not the proteins per se. Furthermore, RIPs represent a 
class of known and characterized proteins. Applicants have submitted examples of publications 
disclosing the sequences of some of these proteins, and copies of these are attached in the Exhibit 
Appendix. The Examiner says this is not enough to establish written description because he 
alleges that "the reference provided do not indicate that representative nucleic acid/amino acid 
sequences are known for the genus of ribosome inactivating proteins. Applicant does not point 
to a consensus sequence for the genus of ribosome inactivating proteins." (Page 1 1 ) 

The Examiner's argument goes beyond any reasonable extension of the written 
description requirement. It seems that he is requiring a showing that there is a commonality in 
sequence across ribosome-inactivating proteins, when this plainly does not exist. The genus of 
RIPs is defined in the art by functional characteristics, and RIPs can come from various sources 
and have different native toxicity based on the receptor to which they bind. Applicants invention 
takes advantage of these properties to provide a method for making proteins that bind to different 
receptors, but this use requires no knowledge of the starting sequence. 

It is further noted that written description should not become a mechanism through which 
patent applications become overburdened by needing to recite volumes of background 
information known in the art which is peripheral to the actual invention. In the context of 
enablement, it has been said that "an inventor need not ... explain every detail since he is 
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speaking to those skilled in the art." In re Howarth, 210 USPQ 689, 691 (CCPA1981). 2 This 
same consideration should apply in the context of written description. 

The second argument presented by the Examiner relates to the cell lines used in the test. 
The Examiner says that only one useful cell line is disclosed, and that other cells lines resistant 
to toxins would have to be created in order to practice the invention. This argument is in error. 

As explained above, the cell line on which the assay of this invention is performed is a 
cell line for which a binding entity is desired. For example, this could be tumor cells of a 
particular type, or from a particular patient, to which it is desired to develop a binding molecule. 
One of the benefits of the present invention is that there is no requirement to know what 
structures are present on the surface of the cell, since the mutant that binds to whatever is present 
is the one the exhibits toxicity towards the cell, and forms that do not bind do not exhibit 
toxicity. This fact was clearly recognized by Applicants when the application was filed. Thus, 
the mutant toxin is referred to as "a molecular search engine ... to find mutant toxins that kill 
specific cells or cell types." (Page 2, lines 26-27) Further, Applicants noted that this search 
engine allows one to screen libraries "against any eukaryotic cells to identify novel mutant toxins 
that can kill such cells." (Page 1 9, lines 4-5). Thus, the specification clearly provides the 
recognition that the invention applies to cells generally. The breast cancer cell lines in the 
examples are provided as proof of principle, and not as a limiting example. 

Furthermore, the Examiner's argument that resistant cells need to be created is in error. 
These cells already exist. All that is required is pairing a cell of interest with an appropriate RIP 
that does not bind to the surface of that cell as reflected by insensitivity to the toxin. In the 
unlikely event that some cell should possess every surface marker to which an RIP binds, then 
use of that cell would not fall within the scope of the claims since these cells could not be 



2 See also MPEP § 2164, "A patent need not teach, and preferably omits, what is well 
known in the art. In re Buchner, 929 F.2d 660, 661, 18 USPQ2d 1331, 1332 (Fed. Cir. 1991); 
Hybritech, Inc. v. Monoclonal Antibodies, Inc., 802 F.2d 1367, 1384, 231 USPQ 81, 94 (Fed. 
Cir. 1986), cert, denied, 480 U.S. 947 (1987); and Lindemann Maschinenfabrik GMBH v. 
American Hoist & Derrick Co., 730 F.2d 1452, 1463, 221 USPQ 481, 489 (Fed. Cir. 1984). 
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"insensitive to the selected cytotoxic heteromeric protein toxin at a concentration used in the 
screening" as required in the claims. 

In this aspect of the rejection, the claims of this application could be considered 
analogous to the claims directed to PCR amplification in US Patent No. 4,683,202. The 
specification there showed limited examples of actual primer sequences and actual amplifications 
but indicated that the techni que that was described and claimed could be used with any sequence 
and corresponding primer pair. Here, the application makes it clear that this is a method that is 
applicable to target cells in general. Thus, this is not a basis for a written description rejection. 

For these reasons, Applicants submit that the rejection for lack of written description 
should be reversed with respect to all claims. However, the following claims should be 
considered separately as they have additional arguments applicable thereto. 

Claims 10-12 

Claim 10 identifies the heteromeric protein toxin as Shiga toxin or Shiga-like toxin I. 
The sequences for these are provided in the specification of this application (Seq. ID Nos. I and 
2). Claims 1 1 and 12 are dependent on claim 10, and further identify the locations to which 
mutations are introduced. Thus, only the second argument discussed above could possibly be 
applicable to these claims. 

Claim 15 

Claim 1 5 specifies the cell line used in the screening method. Thus, the second argument 
advanced by the Examiner is not applicable to this claim. 
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The Enablement Rejection 

The Examiner rejects claims 1-7, 9-16, 18,20,27-29, 32,33,37-41 and 43 under 35 USC 
§ 1 12, first paragraph, as lacking enablement. 3 The Examiner argues that Applicants have not 
enabled making mutant cytotoxic proteins from any heteromeric ribosome inactivating protein 
other than Shiga toxin or Shiga-like toxin I, and have not disclosed cell lines insensitive to RIPs 
other than Shiga toxin and Shiga-like toxin I. Thus, the grounds for this rejection are similar to 
those in the written description and Applicants submit that they also are in error. 

Enablement requires that the specification provide a teaching sufficient to make an use 
the invention as claimed, without undue experimentation. In this case, the Examiner points to a 
comparison of the scope of the claims and the scope of the specific examples, and says that there 
is undue experimentation, but he has not shown that this is the case. Thus, he has failed to meet 
the burden to advance acceptable reasoning inconsistent with enablement. In re Strahilevitz, 2 1 2 
U.S.P.Q. 561, 563 (C.C.P.A. 1982). 

The Examiner argues that the amount of direction provided in the specification is limited, 
and therefore that undue experimentation would be required. This argument is misplaced, since 
claim 1 itself is essentially the instructions for performing the method of the invention. 

Step A of claim 1 says to select a protein to be mutated. Step D says to use screening 
cells that are insensitive to the selected wild-type cytotoxic heteromeric protein toxin at a 
concentration used in the screening. As noted above, in actuality, the cells are likely to be 
selected first, since the goal is likely to be to find a receptor binding part that will interact with a 
cell of interest. However, the point is clear. The protein and the cells are chosen in combination 
so that the cells are insensitive to the wild type protein at the concentration used in the screening. 
No undue experimentation is required for this. If toxin sensitivity for a cell type is not already 
known, simply screening the cells against RIP toxins to find one that does not kill the cells 
establishes the pairing to use. Step B says to make mutations to the selected protein. Again, no 

Like the written description rejection, this statement includes a full summary of all 
of the rejections and responses, and it is not clear what the outstanding bases for 
the rejection actually are. 
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reasons as to why this step would require undue experimentation have been offered. Methods 
for introducing mutations in a protein are known in the art and are considered to be standard and 
routine practice, particularly where, as here, there is no need to create any particular mutation. 
Step C says to clone the mutants, which again involves no undue experimentation. Step D says 
to screen the clone mutants against the cells, and selecting one that kills the cells. Finally, Step E 
says to make more of the protein of the selected type that killed the screening cells. Thus, the 
basis for any requirement for experimentation is unclear. 

In the office action of November 20, 2006 and repeated on page 17 of the Office Action 
of July 12, 2007 the Examiner offers the argument that there is a lack of enablement because the 
specification does not provide the nucleic acid sequences for ribosome inactivating protein. The 
Examiner has not stated why determining the sequence would require undue experimentation, 
even if it was not already known in the art. More importantly, however, since the mutations can 
be introduced at random, there is no requirement for actual knowledge of the sequence. 
Knowledge of the sequence merely allows the use of sequence-specific techniques, such as that 
used in Example 2, to focus the mutations to enhance the yield of desirable mutants. 

The Examiner's second argument relates to the cells used for screening. He argues (Page 
1 9) that it would be unpredictable to produce cells that are insensitive to ribosome inactivating 
protein toxin. Once again, the claimed method does not recite producing insensitive cells, nor is 
any such production contemplated. Rather, an RIP to which the cells of interest (for which a 
binding protein is desired) are insensitive is the RIP that is selected and mutated. Since 
sensitivity to the RIP depends on binding, any toxicity arises because the RIP has acquired 
(through mutation) the ability to bind to the cell. 

The Examiner's confusion as to the nature of the cell colors much of his argument. For 
example, on Page 18 of the office action of July 12, 2007 he argues that insensitivity to toxin 
might result from various reasons. He continues on Page 19 that "it is possible for insensitive 
cells to become resistant, even though the binding specificity remains the same." How this is 
relevant, however, is not understood. The reference cited (US 2003/01 88326) relates to the 
development of drug resistance in cells, i.e. a cell that goes from sensitive to insensitive as a 
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consequence of changes to the cells over a period of exposure to a drug, and not to an insensitive 
cell that becomes sensitive as a consequence of changes in the binding domain of a toxin. 
Further, this reference says nothing specifically about RIPs. Nevertheless, if the cell is 
insensitive to the toxin through some other mechanism than the failure to bind, it will not 
suddenly become sensitive through mutation of the toxin's binding domain (i.e with no change 
to the cell) that also adds failure to bind to the list of reasons for insensitivity. Thus, this 
argument as to lack of enablement is not relevant to the claimed invention. 
Claims 32 and 33 

The Examiner has also made separate arguments with respect to claims to claims for 
methods of making mendicants (sic, medicaments) although he has not specifically identified the 
claim numbers. Applicants understand the claims to which these comments are addressed to be 
claims 32 and 33. As such, the other claims do not stand or fall with these claims because these 
claims have additional reasons applied to support the rejection. 

Claims 32 and 33 relate to a method of making a targeted medicament (that is a 
compound with medicinal properties). In this method, a protein that binds to a target cell is first 
identified using the method as discussed above, and the toxin domain is then replaced with a 
drug or other compound to be delivered to the target cell. 

The Examiner argues that because the therapeutic use made of the product of this method 
could include gene therapy, and because gene therapy is inherently unpredictable, that the 
claimed method of making the medicaments is not enabled. There is a very large separation 
however, between one possible use, and the actual invention as claimed. Moreover, the 
Examiner has not argued that these claims are completely lacking in enablement in this respect, 
only that they are not enabled for certain types of uses. Applicants respectfully point out that 
enablement for only one use is required, not all conceivable uses. Thus, as stated in MPEP § 
2164.02, 

when a compound or composition claim is not limited by a recited use, any 
enabled use that would reasonably correlate with the entire scope of that claim is 
sufficient to preclude a rejection for nonenablement based on how to use. If 
multiple uses for claimed compounds or compositions are disclosed in the 
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application, then an enablement rejection must include an explanation, sufficiently 
supported by the evidence, why the specification fails to enable each disclosed 
use. In other words, if any use is enabled when multiple uses are disclosed, the 
application is enabling for the claimed invention. 

In this case, the combination of the medicament portion and the binding portion that is formed in 
accordance with claim 32 can be used by administration of the protein directly and need not 
involve gene therapy. (Application, Page 9, lines 15-18, Page 10, lines 23-29) Thus, whether or 
not the generalizations about gene therapy would be sufficient to sustain an enablement rejection 
is not relevant because gene therapy is not the only method for practicing the invention. 



In view of the foregoing, Applicants submit that all claims of this application are in form 
for allowance and that the rejections should be reversed. Such action is respectfully requested. 



Conclusion 



Respectfully submitted, 




Marina T. Larson Ph.D. 
PTO Reg. No. 32,038 
Attorney for Applicant 
(970) 262 1800 
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Claims Appendix 

1 . A method for making a cytotoxic mutant protein or pool of proteins from a cytotoxic wild 
type protein, said mutant protein or pool of proteins having receptor-binding specificity for a 
receptor that is different from the receptor to which the wild type protein has receptor binding 
specificity, comprising: 

(A) selecting a heteromeric protein toxin having a toxic domain or subunit and a binding 
domain or subunit, wherein the heteromeric protein toxin is a ribosome inactivating protein; 

(B) incorporating mutations into DNA encoding the binding domain or subunit of the 
heteromeric protein toxin to produce a plurality of variant forms of the heteromeric protein toxin; 

(C) generating a library of microorganism clones producing variant forms of the heteromeric 
protein toxin; 

(D) screening the variant forms of the heteromeric protein toxin of said library against a 
population of screening cells by (i) isolating clones or pools of clones producing said variant 
forms of the heteromeric protein toxin, (ii) treating preparations of said population of screening 
cells with variant forms of the heteromeric protein toxin produced by the isolated clones or pools 
of clones, (iii) observing the treated preparations of said population of screening cells for 
toxicity, and (iv) selecting based on the observation of toxicity a cytotoxic mutant protein or pool 
of cytotoxic mutant proteins that inhibits or kills said population of screening cells to a greater 
extent than the wild-type cytotoxic protein, whereby said selected mutant protein or pool of 
proteins has the different receptor binding specificity that is reflected by the observation of 
toxicity, wherein the screening cells are insensitive to the selected cytotoxic heteromeric protein 
toxin at a concentration used in the screening; and 

(E) making additional copies of the selected cytotoxic mutant protein or pool of proteins. 

2. The method of claim 1, wherein the cells in the population of screening cells are 
eukaryotic. 
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3. The method as claimed in claim 1, wherein said library comprises bacteria or bacterial 
supernatants containing said variant protein toxins. 

4. The method as claimed in claim 1 , wherein said library comprises yeast or 
yeast supernatants containing said variant protein toxins. 

5. The method as claimed in claim 1 , wherein said binding domain or subunit DNA is in a 
plasmid in said microorganism. 

6. The method of claim 1, wherein said mutation is incorporated into said binding domain or 
subunit by use of a combinatorial cassette method comprising: 

(A) preparing synthetic mutant oligonucleotides capable of annealing with a corresponding 
wild type oligonucleotide from said binding domain or subunit; 

(B) annealing said synthetic oligonucleotide from said binding domain or subunit to an 
overlapping wild type oligonucleotide to form a double stranded sequence; 

(C) creating a combinatorial cassette by mutually primed synthesis of said double stranded 
sequence; and 

(D) incorporating said cassette into a vector containing a gene for said toxin. 

7. The method as claimed in claim 1 wherein said mutation is incorporated into said binding 
domain or subunit by means of a unique site elimination method. 

9. The method as claimed in claim 1 wherein said heteromeric protein toxin is selected from 
the group consisting of Shiga toxin, Shiga-like toxins, ricin, abrin, gelonin, crotin, pokeweed 
antiviral protein, saporin, momordin, modeccin, sarcin, diphtheria toxin and Pseudomonas 
aeruginosa exotoxin A. 

1 0. The method as claimed in claim 9 wherein said heteromeric protein toxin is 
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Shiga toxin or Shiga-like toxin 1 . 

1 1 . The method as claimed in claim 10 wherein said mutation is incorporated into loop 
regions at residues 15-19, 30-33 or 58-64. 

12. The method as claimed in claim 10 wherein said mutation is incorporated into loop 
regions at residues 15-19 or 30-33. 

13. The method as claimed in claim 2 wherein the cells in the population of screening cells 
are tumour cells. 

14. The method of claim 13 wherein the tumour cells are breast cancer cells. 

15. The method as claimed in claim 14 wherein said breast cancer cell is CAMA-I. 

16. The method as claimed in claim 1 wherein said binding domain or subunit is derived 
from the B-subunit template of either Shiga toxin or Shiga-like toxins, or homologous 
counterparts from E. coli heat labile enterotoxins, cholera toxin, pertussis toxin or the receptor 
binding domain of ricin. 

18. A method for identifying therapeutic proteins having binding specificity for a target cell, 
comprising: 

(A) making a cytotoxic mutant protein or pool of proteins by the method as claimed in claim 
1; and 

(B) screening said cytotoxic mutant protein or pool of proteins against said target cells and 
against non-target cells by treating a preparation of target and a preparation of non-target cells 
with said cytotoxic mutant protein or pool of proteins, and selecting a therapeutic protein or pool 
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of therapeutic proteins that are effective to inhibit or kill said target cells and that are less 
effective at inhibiting or killing said non-target cells than at inhibiting or killing said target cells. 

20. A method for constructing diagnostic probes as claimed in claim 28 wherein said marker 
DNA codes for green-fluorescent protein (GFP). 



27. A method for constructing a diagnostic probe for detecting the presence of a cell surface 
marker comprising: 

(A) selecting a cytotoxic mutant protein that specifically binds to the cell surface marker by 
the method as claimed in claim 1, said cell surface marker being the receptor on the target cell 
population in the method of claim 1 ; and 

(B) preparing a diagnostic probe by labeling the selected cytotoxic mutant protein in a manner 
which maintains the ability of the binding domain or subunit of the selected cytotoxic mutant 
protein to specifically bind to the cell surface marker. 

28. The method of claim 27, wherein the diagnostic probe is prepared by a method 
comprising: 

(i) preparing a diagnostic DNA sequence comprising a marker DNA encoding a 
detectable marker and a binding domain or subunit DNA sequence encoding the binding domain 
or subunit of the selected cytotoxic mutant protein; and 

(ii) expressing the diagnostic DNA sequence to generate a diagnostic probe. 

29. The method of claim 27, further comprising the step of modifying the cytotoxic mutant 
protein or pool of proteins by dissociation or inactivation of the toxic domain or subunit of the 
cytotoxic mutant protein. 
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32. A method for making a targeted medicament for delivery to a target cell having a cell 
surface marker, said targeted medicament comprising a binding portion and a medicament 
portion comprising the step of: 

(A) identifying a binding subunit which binds to the cell surface marker by a process 
comprising the steps of 

(i) selecting a heteromeric protein toxin having a toxic domain or subunit and a 
binding domain or subunit, wherein the heteromeric protein toxin is a ribosome inactivating 
protein; 

(ii) incorporating mutations into DNA encoding the binding domain or subunit of the 
heteromeric protein toxin to produce a plurality of variant forms of the heteromeric protein toxin; 

(iii) generating a library of microorganism clones producing variant forms of the 
heteromeric protein toxin; 

(iv) screening the variant forms of the heteromeric protein toxin of said library against 
a population of screening cells by (a) isolating clones or pools of clones producing said variant 
forms of the heteromeric protein toxin, (b) treating preparations of said population of screening 
cells with variant forms of the heteromeric protein toxin produced by the isolated clones or pools 
of clones, (c) observing the treated preparations of said population of screening cells for toxicity, 
and (d) selecting based on the observation of toxicity a cytotoxic mutant protein or pool of 
cytotoxic mutant proteins that inhibits or kills said population of screening cells to a greater 
extent than the wild-type cytotoxic protein, whereby said selected mutant protein or pool of 
proteins has receptor-binding specificity for the target cell population that is reflected by the 
observation of toxicity, wherein the screening cells are insensitive to the selected wild-type 
heteromeric protein toxin at a concentration used in the screening; and 

(v) determining the sequence of the binding domain or subunit of the selected 
cytotoxic mutant protein for use as the binding portion of the targeted medicament; and 

(B) combining the binding portion with the medicament portion. 
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33. The method of claim 32, wherein the binding portion and the medicament portion are 
combined by preparing a medicament DNA sequence comprising a medicinal DNA encoding a 
medicinal polypeptide for use as the medicament portion, and a binding domain or subunit DNA 
sequence encoding the binding portion, further comprising the step of expressing the medicament 
DNA sequence. 

37. A method for making a nucleic acid sequence, or pool of nucleic acid sequences, 
encoding a cytotoxic mutant protein, or pool of cytotoxic mutant proteins, of a cytotoxic wild 
type protein said mutant protein or pool of proteins having receptor-binding specificity for a 
receptor that is different from the receptor to which the wild type protein has receptor binding 
specificity, comprising: 

(A) selecting a heteromeric protein toxin having a toxic domain or subunit and a binding 
domain or subunit, wherein the heteromeric protein toxin is a ribosome inactivating protein; 

(B) incorporating mutations into DNA encoding the binding domain or subunit of the 
heteromeric protein toxin to produce a plurality of variant forms of the heteromeric protein toxin; 

(C) generating a library of microorganism clones producing variant forms of the heteromeric 
protein toxin; 

(D) screening the variant forms of the heteromeric protein toxin of said library against a 
population of screening cells by (i) isolating clones or pools of clones producing said variant 
forms of the heteromeric protein toxin, (ii) treating preparations of said population of screening 
cells with variant forms of the heteromeric protein toxin produced by the isolated clones or pools 
of clones, (iii) observing the treated preparations of said population of screening cells for 
toxicity, and (iv) selecting based on the observation of toxicity a cytotoxic mutant protein or pool 
of cytotoxic mutant proteins that inhibits or kills said population of screening cells to a greater 
extent than the wild-type cytotoxic protein, whereby said selected mutant protein or pool of 
proteins has the different receptor binding specificity that is reflected by the observation of 
toxicity, wherein the screening cells are insensitive to the selected wild-type cytotoxic 
heteromeric protein toxin at a concentration used in the screening; and 
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(E) making additional copies of the nucleic acid sequence or pool of nucleic acid sequence 
encoding the selected cytotoxic mutant protein or pool of cytotoxic mutant proteins. 

38. The method of claim 37, wherein the cells in the population of screening cells are 
eukaryotic. 

39. The method of claim 38, wherein the cells in the population of screening cells are tumor 
cells. 

40. The method of claim 39, wherein the tumor cells are breast cancer cells. 

41 . The method of claim 37, wherein the binding domain or subunit is derived from the B- 
subunit of either Shiga toxin and Shiga-like toxins, or homologous counterparts from E. coli heat 
labile enterotoxins, cholera toxin, pertussis toxin or the receptor binding domain of ricin. 

43. The method of claim 1 , wherein in step B the mutations are randomly incorporated into 
the DNA encoding the binding domain or subunit of the heteromeric protein toxin. 
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Immunotoxins in cancer therapy 
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Introduction 

k has been estimated that — ■ in tlie year 1999 - 
people in the US will be diagnosed with inva: 
and 564,800 people are expected 10 die of it [1 1. 
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Types of toxins 

Schematic, struct 
shown in Figure 1 and their modes of intoxication of cells 
are shown in Figure 2. Toxins originate from both plants 

posed of catalytic 'A-chains' disulfide bonded ti 
'B-ehains', which bind the cell surface or catalytic 
chains alone (hemiloxins). 1 he bacterial toxin 1 - 
Pscudomoms exotoxin (PF.) and diphtheria toxin (1)1) an 
single chain proteins containing both binding and calalvl 
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toxins — shown in Figure 2 — are binding to ll 

leading to cell death. As shown in Figure 1, imn 
contain toxins thai have their binding dom, 
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a ligand specific for cancer cells. 
Production of immunotoxins 

ligand, either MAb or growth factor, and the: toxin prior t< 
the conjugation procedure [2]. The bond between the lig 
and and toxin is usually produced by disulfide bom 
chemistry. An exception is L.MB-1 (see below), which con 
tains a thioether linkage between the fvlAh and toxin |3| 




toxins can be produced by inserting the DNA encoding 
the fusion toxin into an expression plasmid [5], Escherichia 
coii cells containing this plasmid can be grown in culture. 
Depending on the expression system, protein synthesis is 
induced either by addition of a lactose analog or by chang- 
ing the temperature. After 1-2 hours, the recombinant 
protein can be harvested from one of several bacterial com- 
partments such as the periplasm, cytoplasm or insoluble 
inclusion bodies. In our experience the latter compartment 
leads to recombinant protein with the highest yield, purity 
and activity but requires denaturation, reduction and 
refolding of the recombinant protein in redox buffer [6-8]. 
Purification of DT- or PE-containing fusion toxins can be 
accomplished by simple anion exchange and sizing chro- 
matography [9] or by reverse-phase chromatography 



followed by ultrafiltration |10"|. It is dilticult to produce 
recombinant toxins using eukaryotic expression systems 
since such cells are sensitive to Ihc toxin. Recently, how 
ever, high yields ol recombinant toxm have been produced 
in baculovirus [11). 

Preclinical development of recombinant toxins 

Immunotoxins that are tested in clinical trials undergo sev- 
eral years of preclinical development to determine their 
efficacy and toxicity in several in vitro and in vivo models. 
A basic test involves measurement of cell-free enzymalic 
activity, namely ribosorne-inactivating activity in the case 
of plant toxins and ADP-ribosylation activity in the case of 
bacterial toxins [ 1 21. The binding affinity of immunotoxins 
to antigen can be tested on cells or purified antigen. Small 




recombinant toxins may lose binding affinity after radiola- 
bcling, so their binding is often best tested by 
displacement or surface-plasmon-resonance assays [131- 
Cytotoxiciry assays are performed by incubating antigen- 
bearing cells with immunotoxins and then measuring 
either protein synthesis, proliferation, colony counts or cell 
viability Malignant, single-cell suspensions directly 
obtained from patients arc useful to test (if available) since 
such cells may contain a lower receptor density and may be 
less able, to process the toxin than established cell linns 
[14-1G], In vivo efficacy of immunotoxins may be demon- 
strated in immunodeficient mice bearing xenografts of 
human tumor cells — either as subcutaneous solid tumors, 
orthotopic implants or disseminated leukemia [17-191. 
Most targeted antigens are present at some level on some 
normal tissues and thus toxicology and pharmacokinetics 
should be tested in an animal that has normal cells capable 



of binding the antigen. For most, immunotoxins, this 
requires studies in monkeys to predict whether taigeled 
damage to vital normal tissues will occur in humans 
120.21]. The remainder of this review will focus biierly on 
those immunotoxins that have passed through preclinical 
development and have recently begun or finished clinical 

Immunotoxins targeting hematologic tumors 

Hematologic malignancies are easier to target than solid 
tumors for many reasons, including easy access of the 
immunotoxin to intravascular tumor cells and improved 
penetration of lymphomatous tumor cells without tight 
junctions. Moreover, fresh cells may be; easily tested 
for immunotoxin binding and cytotoxic ar.livitv 
Immunotoxins have also been developed for indirect (real - 
merit of malignancies by their killing ol T cells that 




Toxins, which are shown schematically in Figure 1, include RTA, blocked 
ricin (bR), dgA, pokewecd annvirol protein (PAP), truncated DT (DT388 
or DAB 3B9 ), truncated PE (PE38), recombinant RTA (rRA) and mutated 
DT (CRM107). Non-monoclonal antibody ligands include IL-2, 
granulocyte/macrophage colony-stimulating (actor (GM-CSF), EGF and 
TT TP',0 is a fusion ot TGF-u with tiuncated PE. Diseases include 
; ,oute GVITD B or T cell non-hodgkin s lympnoma (N HL), chronic 



lymphocytic leukemia (CLL), AIDS-related NHL, acute myelogenous 
leukemia (AML), carcinoma in situ (CIS), metastatic, tumor involving th 
CSF (CSF cancer) and small-cell lung carcinoma (SCI.C), Toxicities 
inc'udo VLS, elevations of hepatic transaminases or aspartate 

thrombocytopenia (PLTs) or are rot available (N/A). (a) RJ Kitriman 



mediate graft-versus-host disease (GVHD) in the setting 
of allogeneic transplantation. 

B cell lymphoma and leukemia 

As shown in Table 1, B cell lymphoma and leukemia have 
been targeted using both anti-CD22 and anti-CD 19 
immunotoxtns 1 22-29,30" ,3 H . The dose-limiting toxicity 
(DLT) is due to vascular leak syndrome (VLS) foi both 



deglycosylated ricin A chain (dgA)-containing immtmotox- 
ins IgG-RFB4-dgA (targeting CD22) and IgG-HD37 -dgA 
(targeting CD19). Despite the higher antigen density of 
CD 19 compared with CD22 on target cells, CD22 target- 
ing led to higher response rates — ■ including durable 
complete remissions (CKs) [24| — probably due to 
improved internalization or intracellular processing of the 
immunotoxin. One strategy for improving the therapeutic 



MAb molecule and a dimcal trial is currently underway 
using di-dgA-RFB4 Also in phase 1 testing is a 03 kDa 
recombinant inm.unotoxin, RFB4(clsFv) PE38 (BL22), 
winch — as shown in Figure 1 --■ contains only Hie variable 
domains (hence 'Fv') of MAb RFB4 fused to die truncat- 
ed form of PF, PF.38 |32|. Unlike LMB-2 (see later), Bl .22 
contains a disulfide boird connecting the variable domains, 
which impioves stability Preclinical models suggest that 
this molecule might avoid close-limiting VLS since PE38 is 
less toxic than dgA to endothelial cells 1 33,34] and because 
its smaller size might allow it to exit more quickly from the 
vasculature However, as discussed below, the mechanisms 
causing VI., S are not completely understood and results of 
clinical trials might not be predictable from animal models. 

IL-2 receptor targeting 

The recombinant fusions of I L-2 with truncated DT were 
shown to be cytotoxic toward IL-2 receptor (1L-2R)- cells, 
providing all three, subunits of the IL-2R — a (p55, Tac or 
CD25). [3 and y - were present [35,36]. DAB 389 IL2 
(Figure 1) produced 5 CRs and 8 partial responses (PRs) 
in 35 patients with cutaneous "I' cell lymphoma (CTCL) 
and 1 CR and 2 PRs in 17 patients with non-Hodgkin's 
lymphoma |10"]. The maximum tolerated dose (MTD) 
was 27 |.lg/Kg (daily for five doses), limited by asthenia. 
The most common toxicities were transient and well-tol- 
erated transaminase elevations (62% of patients) and 
hypoalbuminemia (86%), hypotension (32%) and rashes 
(32%>). The significant response rate in CTCL was recent- 
ly confirmed in a Phase III trial in 71 CTCL patients in 
which 7 CRs and 1<1 PRs were observed and most of the 
patients had objective improvements in skin lesions [37], 
DAB.3g9J.L2 has just been approved by the FDA for sal- 
vage treatment of CTCL. This approval, which follows a 
decade of preclinical and clinical development [38], is 
proof of the principal that chimeric toxins can make use- 
ful pharmaceutical agents. 

For improved IL-2R targeting, an alternative strategy is to 
target CD25 directly with an antibody rather than by [L-2, 
since IL-2 binds with low affinity to CD25 alone and since 
CD25 far outnumbers [J and y subunits of the IL-2R on most 
types of target cells [39,40]. In phase I testing, a recombi- 
nant immunotoxin containing anti-Tac(Fv) and PE38, 
termed LMB-2 [12,41], has been administered to 
35 patients with chemotherapy-resistant leukemia, lym- 
phoma and Hodgkin's disease (HD). Of 20 patients 
receiving > 60 (ig/kg/cycle, there was 1 CR and 7 PRs. A sig- 
nificant component ot toxicity, including fever and 
transaminase elevations, appears to ire mediated bv 
cytokines and this is currently being defined. A Phase II trial 
is planned in patients with CD25 + hematologic malignan- 
cies and Phase I trials are planned for the prevention of 
GVHD in patients undergoing high-risk allotransplantation 
[■12]. The goal in the latter approach is to selectively target 
CD25 + , activated donor T cells which are reactive with 
patient cells while preserving CD25" donor T cells which 
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and lias resulted in several responses in 1 ID. one or which 
lasted over two years [43,44|. RFT5-SMPT dgA is alieady 

undergoing allotiansplantation and lias recently been shown 
fx wVoto remove alloreactive donor T cells while pieserving 
antiloukemia and antiviral cytotoxic T cell 1 espouses |45| 

Solid tumors 

longing due to light junctions between tumor cells, high 

blood supply [46]. As described below, to deal with these 
obstacles some immurrotoxiirs are being administered 
locally to solid tumors. Nevertheless, some systemically 
administered immunotoxins have recently shown efficacy 
in patients with solid tumors 

Targeting the epidermal growth factor receptor 

In patients with superficial bladder caicinoma, the anti 
EGFR (epidermal growth factor receptor) recombinant 
toxin TP40 — composed of transforming growth factor a 
(TGF-cx; this binds the EGFR) and lamented PE ■- 
resulted in pathologic improvement in carcinoma /'/) situ 
when instilled into the bladder [47]. F.GF itself was 
fused to DABjgg for systemic therapy of EGFR- carcino - 
mas and has resulted in a response, in lung cancer |48"]. 
Although EGFRs are present in liver, hepatic transami- 
nase elevations were only observed in 52% of patients 
and decreased in severity during subsequent cycles. A 
Phase I/I I study is currently being conducted in patients 
with non-small-cell lung cancer. It has been recently 
found that EGFRs expressed on cancers are often mutat- 
ed and therefore preclinical development is underway 
for immunotoxins that bind specifically to tumors heal- 
ing mutant EGFRs and not to normal cells bearing 
EGFRs [49,50]. 

Targeting the Le Y antigen on solid tumors 

One MAb that reacts with a carbohydrate antigen in the 
Le Y family is called B3 |5| ]. A chemical conjugate of B3 
with PE38 — called LMB-1 — was tested in 38 patients 
with Le Y -expressing carcinomas of breast, ovarian and 
gastrointestinal origin |3|. The 1 CR ami I PR were the 
first major responses to immunotoxins documented for 
metastatic breast and colon cancer, respectively. The dose- 
limiting toxicity was VLS but experiments with hum. in 
umbilical vein endothelial cells (HUVECs) indicated that 
the MAb (B3) rather than PE38 was binding to the Le v 
antigen on endothelial cells |33|. To target Le^ expressing 
tumors with a smaller immunotoxin that would leave the 
vasculature sooner and not cause VLS. the variable 
domains of B3 were cloned and fused to PE38 |52|. 
B3(Fv)-PE38 (LMB-7) and B3(dsFv)-PE38 (I.MB-9) a,e 
two recombinant immunotoxins that have lecently under- 
gone clinical testing, (he former having a single-chain 



structure like LMB-2 arid the lattm having a disulfide- 
stabilized slmcture like BL22 (Figure 1). A diffetent 
recombinant single- cliain immunotoxin, BR96(sFv)-PE40. 
was derived Irum the anti-Le Y MAb BR96 and is also cur- 
rently undergoing clinical testing |53]. 

Targeting tumors in the central nervous system 

Since the transferrin receptor (TfR) is expressed oir 
tumor and normal hepatic cells but not in normal brain, 
several trials have targeted ariti-TfR immunotoxins to 
brain tumors. The conjugate 454A12-rRA — composed 
of art anti-TfR MAb, 454A12, and recombinant ricrn A 
chain — was used for inuaventricular therapy of patients 
with leptomeningeal cancer and cleared > 50% of the 
malignant cells from the cerebrospinal fluid (CSF) in half 
of the patients [54], These same investigators have also 
targeted the TfR to treat solid tumors in the brain, using 
a chemical conjugate of human Tf with a mutant form of 
DT [55], Tf-CRMI07 (Figure 1) was infused directly 
into the tumors of 18 patients using catheters placed 
stereotactically; 2 CRs and 7 PRs were documented in 
15 evaluable patients. In 6 out of 9 responders and in 
some of the nonresponders, the tumor underwent early 
central necrosis with loss of centra] gadolinium enhance- 
ment up to 2-3 cm in diameter. There was evidence that 
the chimeric toxin escaped from the central nervous sys- 

hypoalbuminemia and an increase in the anti-DT titer. 
At concentrations of at least 1 |ig/ml of infused drug, 
peritumoral brain injury was observed — consisting of 
thrombosed cortical vessels, attributed to the presence of 
TfR on endothelial cells. A Phase II trial is underway to 
evaluate antitumor activity at the maximum tolerated 
concentration, 0.66 Hg/rnl. Several Phase I trials are also 
currently underway to test the recombinant IL-4 toxin 
IL4(38-37)-PE38KDEL (Figure 1) as an intratumoral 
therapy for high grade gliomas. These tumors, unlike 
normal brain tissues, overexpress IL-4R [21,56], 
IL4(38-37)-PE38KDEI. contains a circularly permuted 
variant olTL-4 chat permits higher affinity binding to IL- 
4R [57,58]. IL4(38-37)-PE38KDEL was well tolerated at 
up to 7.3 |J.g/ml in the plasma of monkeys, up to 1 .4 M-g/ml 
in the CSF of monkeys and up to 100 (Jg/ml when direct- 
ly instilled into the frontal cortex of rats [21], Over 
20 patients have so far been treated with concentrations 
up to 15 jig/ml and, although resporrse determination will 
require further follow-up. essentially all patients experi- 
ence at least central necrosis of injected tumors. 

Specific challenges 
Immunogenicity 

Although durable partial and even complete responses 
have resulted from one cycle of immunotoxin therapy, 
immunogenicity is considered a major barrier to the 
cltnical utility of chimeric toxins. Table i includes 
inimunogenicity data from recent clinical trials, indicating 
that patients with solid tumors become immunized much 
more readily that those with hematologic tumors. Some 



genicity than others. None- of 14 patients with lima,™ 
lymphocytic leukemia treated with LMR2 (8 patients) ot 
BL22 (6 patients) have shown any evidence of ant .bodies. 
Patients receiving DT containing chimeric toxins such as 
D/\B 38<J 1L2, DAB 389 HGF and Tf--CRM107 often have pre- 

increased tilers after treatment but antibodies are probably 
not strongly neutralizing since they do not adversely affect 
response rates [ 1 0"18\59|. It has been suggested fiom 
clinical data that anti B4-bR temporarily blocked immune 
genicity ihrough its anti-B cell activity [60]. In 11 patients 
receiving 22 cycles of the and CD22 recombinant immuno- 
toxin BL22, evidence of immunogenicity has so far been 
observed in only one patient after four cycles. Several 
strategies are being developed to actively prevent immune 
genicity. Recent strategies to prevent immunogenicity 
include cotreatment with CTLAIIg — an inhibitor of the 
CD28/CTLA4-CD80/CD86 costimulation pathways 
[G1J — or the anti-CD20 MAb Rituximab, which induces 
profound B cell depletion in the majority of patients and is 
itself nonimmunogenic [621. LMB-1 is currently being 
tested in solid-tumor patients in combination with 
Rituximab to prevent immunogenicity. 

VLS 

As indicated in Table 1, the dose-limiting toxicity of many 
of the most successful immunotoxins — particularly those 
containing dgA — is VLS. Additionally, some evidence of 
miki VLS — such as hypoalbuminemia, hypotension and 
edema — is observed in nearly all immunotoxin clinical di- 
als. This includes LMB-2, despite the observation that dgA 
but not LMB-2 was cytotoxic toward FILJVECs 1331 . Recent 
studies indicate that recombinant toxins, including those 
containing mutated forms of PE, produce VLS in rats 
[63 65] and that inflammation, which can be suppressed by 
steroidal or nonsteroidal anti-inflammatory drugs, mediates 
the VLS |63,64|. As reviewed recently — by Baluna and 
Vitetta [66] endothelial cells and/or macrophages can be 
activated by cytokines such as TNF-cx and IFN-y to pro- 
duce nitric oxide, which then can mediate oxidative damage 
to the endothelial cells and result in increased permeability. 
An in w/ro model of VLS indicated that ricin A chain (RTA) 
causes intercellular gap formation following endothelial cell 
death that is caused by the enzymatic activity of the toxin 
[67]. However, experiments using an //) viva model com 
posed of human neonatal foreskin xenografts in SOD 
(immunodeficient) mice [68'] identified a 3 amino -acid 
motif present in IL-2 and piotein toxins that causes VLS 
without other toxin activity [69"]. Thus, in the future, VI .S 
induced by immunotoxins may be preventable by the use of 
anti-inflammatory agents to block cytokine action and by 
the use of mutations or peptide inhibitors to prevent bind- 
ing to endothelial cells. 

Conclusions 

Chimeric toxins have become a new modality for the treat- 
ment of cancer. Despite difficulties with immunogenicitv. 
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Clinical trials of targeted toxins 
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Immunotoxins (monoclonal antibodies chemically coupled to 
peptide toxins) and fusion toxins (peptide ligands fused 
genetically to peptide toxins) have been used to treat a variety 
of malignancies over the last 20 years. Problems with normal 
tissue toxicities (vascular leak syndrome, hepatotoxicily, and 
neurotoxicities), poor penetration to tumor interstitum, and 
humoral immune responses have limited clinical efficacy. 
Higher response rates were observed with systemic therapy of 
leukemias and lymphomas and regional therapy of primary 
brain tumors. Ongoing studies are examining the role of 
targeted toxins in combination with chemoiadioLherapy and 
in minimal residual disease settings. 

Key words: immunotoxins / fusion toxins / ricin / 
diphtheria toxin / Pseudomonas exotoxin / pokewecd 
antiviral protein / saporin 
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Ciiemoradiotherai'y is toxic to mitotically active cells 
and, consequently, produces clinical responses in a 
number of rapidly proliferating human neoplasms 
including germ cell and hematopoietic malignancies, 
childhood cancers, breast and ovarian epithelial 
cancers, and small cell lung carcinoma. However, even 
in patients with responsive neoplasms, a fraction of 
patients arc refractory to treatment or relapse after a 
brief remission. Explanations for failure of cytotoxic 
regimens include a low growth fraction for portions of 
the cancer 1 and altered tumor cell metabolism lead- 
ing to removal of the drug or repair of drug-induced 
damage. 2 In addition, many common malignancies 
including melanomas, gliomas, gastrointestinal (GI) 
malignancies, sarcomas, non-small cell lung carcino- 
mas and prostate cancer are minimally responsive to 
available chemoradiothei apy. Again, this primary 
refractory state has been attributed to low growth 
fraction and multiple drug resistance phenotypes. 

As discussed by FitzGcrald. peptide toxins arc a new 
class of cancer therapeutics with a unique mechanism 



From the Departments of Medicine, 'Surgerr and 1 Patfw/ogv, 
Medical University ol South Carolina. 171 Ashley Avenue. 
Charleston, SC 29425. USA 

& 1995 Academic Press f Id 

1 044-579X/95/050307 + 1 1 $12.00/0 



of cell killing. 3 Initially, two small clinical studies wen- 
done in the mid 1970 s to 1980 s using unmodified 
native whole toxin to treat refractory metastatic 
cancer patients.'' D Topically and intranimoi ally 
applied ricin induced transient cytorccluc lion (5/18 
partial responses) in patients with locally advanced 
cervical carcinomas, without any reported toxicities. 
Intravenously administered ricin (4.5-23 iig/m z every 
two weeks) led to significant side effects (myalgias, 
fatigue, nausea and vomiting) and one partial 
response and four stable disease in 38 evaluable 
patients with advanced refractory metastatic caicino 
mas. J However, most clinical studies have used either 
immunotoxins or fusion toxins, molecules that con 
tain targeting functions with some degree of specific 
ity for tumor cells. Immunotoxins consist of mono 
clonal antibodies covalently attached to peptide 
toxins via heterobifunctional linkers or intermo 
lecular disulfide bonds. 0 Fusion toxins consist of 
peptide ligands such as growth factors, hormones or 
single chain Fv's fused to peptide toxins via amide 
bonds. 7 In each case, the toxin moiety lias been 
modified to reduce normal cell binding. The growth 
factor or antibody delivers the molecule to the target 
cell surface, and the toxin then enters the cytosol and 
cataiyiicaily inactivates protein synthesis. 

Synthesis of immunotoxins and fusion toxins 
requires the elimination of binding to normal tissues. 
The three dimensional atomic structures of several 
toxins 8 " along with the cDNA clones for these 
toxins 12 15 lias facilitated chemical derivatization and 
genetic engineering to alter toxin binding sites. After 
toxin modification, targeting ligands must be added 
to direct the toxin to tumor cell surface: receptors. 
These receptors must be absent or at lower density on 
accessible normal human tissue cells. The targeting 
ligand must also trigger endocytosis and intracellular 
metabolism similar to the native toxins in order to 
yield potent immunotoxins or fusion toxins. 

The structure and physiology of the toxins 
employed in ihe clinic were reviewed by Fit/.Gerald.' 1 
In this review we will focus on the c linic al pharmacol- 
ogy of immunotoxins and fusion toxins. We will 
document the toxicities, pharmacodynamics, immune 
responses, and anti-tumor efficacy observed in clinical 
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Table 1. SvMemic immunotoxin trials* 



Conjugate 


Disease 


Sp^-ific: Loxicily 




ReC 






VI. s 


5/1(12 




Ami gp/2-RTA 


Colorectal Ca 


VLS 


2/ IB 




Anti-CDS RFA 


CLL 


VI .S 


2/18 


20.21 


Ami CI)5 RTA 


CTCL 


VLS 


'1/11 


22 


Ami-CD25 PF, 


ATL 




0/4 


23 


Ami-gp55-rRTA 


Breast Ca 


Schwann. VLS 


1/9 


24.25 




Ovarian Ca 


CNS 


0/23 


26 


Anti-TrR-rRTA 




CNS 


0/ 1 9 


27 


Anti-TfR-rRTA 






0/8 


28 


Anti-CD22 dgRTA 










Anti-CD22-dgRTA 


HIV-tNIIL 




3/6 




«CD22Fab-dgRTA 


NHL, 


VLS 


4/16 


32 


Anci-CD25-dgRTA 


Hodgkin's 


VLS 


1/14 


47 


Anti-CD19-dgRTA 


NHL 


VLS 


2/19 




Arui-CD19 bR 


NHL 


Hepatic 


8/59 


33,34 


Anti-CD30 SAP 


Hodgkin's 
CD25+malig. 


VLS 


5/12 


36 


DAB, 8( .1L2 


None 


11/109 


37 


DAB, S „1L2 


CTCL 


None 


12/35 


38,39 


DAB,„ q lL2 


HNL 


None 


3/17 


3!) 


DAB±IL2 


Hodgkin's 




0/19 


39 


Ann-CD19-PAP 


B-ALL 


VLS " 


9/26 




LMB1 




VLS 


1/35 


40 


Anti-CD56-bR 


SCLC n ° maS 


VLS 


1/21 


41 


Tf-CRMIOY 


Brain 




9/18 




TP40 


Bladder 


None 


8/43 


42 




trials. In addition, wc will postulate molecular mecha 
nisms for these results, as well as propose favorable 
clinical settings for future clinical studies. 

First generation clinical studies 

Based on the extreme in-vitro potency of these hybrid 
proteins (approximately one-million fold more active 
on a molar basis than current cytotoxic drugs), 10 
clinical studies were conducted with these molecules 
between 1985 and 1990. 16 28 In seven studies, patients 
with advanced refractory neoplasms were treated with 
short daily systemic infusions of immunotoxins (Table 
1). 102 patients with melanoma received anti-proteo 
glycan-ricin toxin A chain (RTA) conjugate,"' 18 16 
patients with metastatic colon carcinoma received 
anti-gp72 RTA conjugate, 19 18 patients with chronic 
lymphocytic leukemia (CLL) 20,21 and 14 patients with 
cutaneous T-cell lymphoma (CTCL) 22 received anti- 
CD5-RTA (CD refers to cluster of differentiation' to 



denote an antigen recognized by different antibod- 
ies), four patients with adult T cell leukemia (ATL) 
were given one to two doses of anti-CI)25-Pseudomo- 
nas exotoxin (PE), zi and nine patients with refractory 
metastatic breast carcinoma were given and gp55 
recombinant RTA. 2 ' 1 ' 25 Three clinical trials were con 
ducted using intracavitary treatment to expose local 
tumor deposits to high concentrations of immunotox- 
ins (Table I). Twenty-three patients with refractory 
stage III ovarian cancer received several intraper- 
itoneal infusions of anti-adenocarcinoma antigen-PF, 
conjugate. 2 ' 1 20 patients with peritoneal metastases of 
adenocarcinoma were given intraperitoneal infusions 
of anti-transferrin receptor antibody recombinant 
RTA. 27 The same anti-transferrin receptor -recombi- 
nant RTA conjugate was given intrathecally lo eight 
patients with leptomeningeal neoplasms. 28 

In most studies were RTA was used, the dose- 
limiting toxicity was vascular leak syndrome (VLS) 
monitored by dypnea, hypoalbuminernia. edema, 
weight gain, malaise, anorexia and fatigue. This 
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toxicity was .seen ■.villi a number of RTA conjugates, 
suggesting the toxicity was not due to antibody 
targeting VLS was seen with infusions of anti 
protcoglvcan-RTA, anti-g P 72-RTA, anti-CD5-RTA. ami 
gpf)5-rerombinant RTA, and anti-transferrin receptor- 
recombinant RTA. VLS has been postulated a.s 
secondary to direct endothelial cell injury from 
exposure to high toxin concentrations and was 
reproduced in an in-vitro model by exposure of 
human umbilical cord endothelial cells to RTA 
alone. Anti-gp72-RTA produced additional toxicities 
including proteinuria and a transient toxic encepha- 
lopathy (mental status changes, diffuse slowing on 
electroencephalograms, and normal computerized 
tomographic scans). This syndrome may have consti 
tutcd a central nervous system form of VLS based on 
its time of occurrence and transient course. Anti-CD5- 
RTA produced additional side effects including 
arthralgias, rash, renal insufficiency and rhabdomyol- 
ysis, though these patients showed no evidence of 
serum sickness or anti-toxin antibodies. The dose 
limiting toxicity of anti-CD25-PE was hepatotoxicity, 
apparently due to residual hepatocyte binding by 
domain la of the PE moiety. Central nervous system 
(CNS) toxicity due to antibody-specific targeting 
produced dose-limiting toxicity in four studies. 24,25 " 28 
A profound peripheral motor-sensory neuropathy 
occurred in three patients one month after treatment 
with anti-gp55-recombinant RTA. The gp55 antigen 
was found on normal human Schwann cells/' 1 The 
anti-adenocarcinoma antigeu-PE produced severe 
encephalopathy in three patients with brainstem 
inflammation on magnetic resonance imaging (MRI) 
in two patients and death in one patient. The 
antibody reacts with an antigen in the CNS. 25 Anti 
transferrin receptor-recombinant RTA administered 
intraperitoneally produced abdominal pain, mucosi- 
tis, and a fatal encephalopathy. In the latter patient, 
CT scan showed cerebral edema at 12 hours and 
postmortem exam showed hemorraghic capillary nec- 
rosis of the basal ganglia. Transferrin receptor was 
subsequently identified on brain capillaries. 27 After 
intrathecal administration of anti-transferrin receptor- 
recombinant RTA for leptomeningeal malignancy, 
patients developed headaches, vomiting, decreased 
mental status, and elevated intracranial pressure 
which responded to steroids and cerebrospinal fluid 
(CSF) drainage. The meningitis may have been 
secondary to an inflammatory response to necrotic 
tumor cells or a direct effect of the immunotoxin on 
meningeal capillaries. 28 

The pharmacology of immunotoxins in these slud- 



si/.e^of most of the * conjugates (around 200,000 
daltons) led to high circulating levels of immunoloxin 
in the systemic trials and elevated intracavitai y iimmi 
notoxin levels in the inlrapcritoncal and intrathecal 
therapy trials. The slow clearance li om the infused 
compartment was likely secondai y to low permeabil- 
ity. Penetration of immunoloxin into tumor inlet- 
stitium was poor. While some anti-proteoglycaii-RTA 
escaped the circulation and bound melanoma cells in 
skin nodules, 16 neither anti-CDS-RTA nor anti-gpSf)- 
recombinant RTA conjugates were detected in 
extravascular sites (nodes, marrow, skin nodules) in 
patients with chronic lymphocytic leukemia and 
metastatic breast carcinoma, respectively. 21 ' 2 ' 1 The 
plasma half-life was less than one hour for antibody 
conjugated (o plant RTA which contained mannose- 
terminated oligosaccharides. 10 22 Clearance was medi- 
ated by mannose receptors on reticuloendolhelial 
cells.'"' 0 As anticipated, deglycosylated RTA conjugate 
showed a longer blood half-life of G-8 hours. 2 " '" 

Immune responses were seen to all conjugates with 
the exception of 16/18 patients with CLL treated with 
anti-CD5-RTA. Presumably, the CI. I, patients were 
severely immunosuppressed. On the other hand, 
tolerance could not be produced In melanoma 
patients using either cyclophosphamide or 

Clinical responses in these first generation phase 1 
studies were rare (Table 1). There was one complete 
response and four partial responses lasting 6 weeks to 
one year in 102 metastatic melanoma patients treated 
with anti-proteoglycan-RTA. There were two partial 
responses in 16 metastatic colon cancer patients and 
one ovarian cancer patient treated with anti-gp72- 
RTA. Two partial responses were seen in 18 CLL 
patients given anti-CD5-RTA. Four out of M CTCL 
patients given 1-6 cycles of anti-CD5-RTA had partial 
responses. No responses were observed with anti 
CD25-PE in 4 ATL patients. Similarly, there were no 
responses in 23 patients with ovarian cancer treated 
with intraperitoneal anti-adenocarcinoma antigen-PE. 
One partial response occurred in nine metastatic 
breast cancer patients infused with anti gpafj recombi 
nant RTA. Finally, there were no responses observed 
after treatment of 19 metastatic inlrapcritoncal card 
nomatosis patients given intraperitoneal anii-trans- 
ferrin receptor-recombinant RTA or in eight lep- 
tomeningeal cancer patients given inlrathecal 
anti-transferrin receptor-recombinant RTA. 
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Second generation clinical trials 

Between 1990 and 1995, a series of clinical trials were 
conducted with imrnunutoxins and (Vision toxins 
showing improved in-vhro efficacy (Table 1) Eleven 
different studies were performed with syslemically 
administered toxin conjugates and two trials 
employed regional or cavitary administered toxins. 

Bolus infusions of anti-CD22 antibody (intact or 
Fab) conjugated to dcglycosylatcd (dg) RTA were 
used to treal 25 and 16 patients, respectively, with 
refractory B-cell non-Hodgkin's lymphoma 
(NHl/). 3, ' :i2 Tn a third study, 18 B-cell NHL patients 
received continuous infusions of anti CD22 Ig-dgRTA 
given at 9.6-28.8 mg/m 2 total close over 8 days/' 1 Anti- 
CD25-dgRTA was given intravenously over 4 hours on 
days 1, 3, 5 and 7 at 5-20 mg/m z total dose to 15 
patients with refractory CD25 positive Hodgkin's 
disease. 47 Anti-CD 19-dgRT A was given to 19 B-cell 
NHL patients by bolus infusion and 10 B-cell NHL 
patients by continuous infusion. 5 '' Anti-CD19 anti 
body conjugated to blocked ricin was given either by- 
bolus or continuous infusion to 25 and 34 patients, 
respectively, with NHL.'" 34 Anti-CD 19-pokcwced anti- 
viral protein (PAP) was given to 26 patients with B-cell 
acute lymphoblastic leukemia (B-ALL). 35 Anti CD30- 
saporiii (SAP) was administered as one or two 
infusions lasting three hours to 12 patients with 
refractory Hodgkin's disease. 36 IL2 was fused to 
fragments of diphtheria toxin (DAB 486 IL2 and 
DAB wy lL2) and used to treat 109 and 73 patients, 
respectively, with IL2 receptor positive hematopoietic 
malignancies. 37 " 39 Antibody to Lewis y antigen coupled 
to a 38 kilodalton fragment of PE (LMB-1) was used to 
treat 35 patients with Lewis y antigen positive meta- 
static carcinomas. 40 Anti-CD56-blocked ricin was 
administered by a seven day continuous infusion to 23 
patients with small cell lung carcinoma. 11 

Two regional /cavitary protocols were used to treat 
patients with bladder carcinoma and brain tumors. 
Transforming growth factor a (TGFa) peptide was 
fused to a 40 kilodalton fragment of PE (TP40) and 
repeatedly instilled into the bladder of 43 patients 
with refractory superficial bladder carcinoma. 12 
Human transferrin coupled to a binding defective 
S525F mutant of diphtheria toxin. CRM107, was 
inoculated into the lesions of 25 patients with 

VLS continued to be the dose-limiting toxicity for 
many of the trials, but qualitative and quantitative 
informal ion has been gained about the syndrome 
which may help elucidate its mechanism and define 



preventive measures. Boil, die anti CD22 L'ab-dgRTA 
and anti-CD22 Ig-dgRTA produced VLS, suggesting 

sis. PAP. V SAP, PK38. and blocked ri< in conjugates also 
produced VLS, showing the toxicity is not restricted to 
RTA conjugates. This general toxicity may be secon- 
dary to greater sensitivity of endothelial cells to 
peptide toxins compared to other tissues. Alter- 
natively, endothelial cells may have receptors and 
endocytosis for these diverse protein compounds, and 
evidence for each hypothesis exists. Primary pig 
endothelial cells lack bcl 2 expression and are poised 
for apoptosis.''' 1 Since toxin conjugates can induce 
apoptotic. cell death,' 1 '' these cells will be mote 

tors, a2-macroglobulin receptors, or Lys-Asp Glu-Lcu 
(KDLL endoplasmic reticulum retention signal) 
receptors on endothelial cell surfaces and undergo 
receptor-mediated endocytosis. Binding of toxins to 
each of these receptors has been demonstrated and 
each may be present on endothelial cells.' " '' Patients 
with low tumor burden lacking an antigen sink and 
patients with high peak serum concentrations and 
total drug exposure (AUC) were more likely to show 
VLS in clinical studies with anti-CD22 Ig RTA and 
LMB-1. 31,40 Patients treated with DAB„ 8(; IL2. 
DAB 389 IL2, transferrin CRM 107 and TP40 had low 
serum concentrations of drug, and the drug was 
rapidly cleared from the circulation. 37 39 42 13 VLS was 
not observed in these studies, even though toxicity to 
cultured endothelial cells could he demonstrated //; 
vitro with each toxin at concentrations identical to that 
producing endothelial cell toxicity for RTA, PAP, SAP, 
blocked ricin and PE40. These findings further 
support a local effect of high concentrations of 
conjugate on endothelial cell integrity. Other tox- 
icities were seen in this group of trials. Blocked ricin 
conjugates produced transaminasemia and thrombo- 
cytopenia which were dose-limiting. 33 3 '' 41 The diph- 
theria toxin fusion proteins also produced close 
limiting transaminasemia which, interestingly, 
reduced in severity on subsequent cycles of drug. 
Protection appeared to correlate with development of 
anti-diphtheria toxin antibodies. 37-39 TP40 fusion 
toxin produced no significant side effects and the 
maximal tolerated dose was not reached in the 
study. The limiting toxicity of interstitial transfenin- 
CRM107 for brain tumors was neurotoxicities secon- 
dary to extravascation of drug into surrounding 
normal brain tissues with transient neurological 
deficits. 43 

Small conjugates showed dramatically shoilei 
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plasm;; half-lives., at u Unliable lo kidney clearance and 
more rapid distribution outside the vasculature. The 
anli-CD22 Fab-dgRTA had a circulating L 1/2 of 13 
hours u-rsus 10.8 hours for the anti-CD22 Ig-dgRTA 
conjugate. 31 32 The former molecule was 80.000 rial- 
tons and the latter molecule 180,000 daltons. As in the 
first generation trials, dcglycosylation of RTA showed 
clearance. Bolus administration of 50tig/kg anti- 
CD19-blocked ricin yielded peak levels of 0.2ug/ml 
and a half-life of about one hour. 1 ' Continuous 
infusions of 40 |.ig/kg/day produced steady-state levels 
of also 0.2 iig/ml. 34 Continuous infusion of 30 |ig/kg/ 
day anti-CD56-blocked ricin produced steady-staie 
levels of 0.1 \.ig/m\ 4] Thus, blocked ricin conjugates 
behaved similarly to RTA conjugates. Since one-fifth 
the dose was administered, peak levels were one-fifth 
as high, and half-lives were about the same. Plant 
hemitoxins and PE40 conjugates had half lives in the 
same range as dcglycosylated RTA conjugates. This 
was expected since PAP, SAP and PE40 lack attached 
oligosaccharides. The plasma half-life of anti-CD30- 
SAPwas 19 hours, the half-life of anti-CD19-PAP was 6 
hours and the half-life of LMB-1 was 8.5 hours. 3 " ' 3R ■ 40 
The fusion toxins, DAB 38!) 1L2 and DAB 486 IL2, demon- 
strated much shorter plasma half-lives, on the order of 
15 minutes, consistent with more rapid equilibrium 
with cxtravascular tissues and renal clearance. 37 39 No 
measurements were made of circulating toxin in the 
two regional/cavitary studies. 42 A3 Only two studies 
addressed tumor penetration. Two refractory Hodg- 
kin's disease patients underwent lymph node biopsies 
18-24 hours after infusion of anti-CD30-SAP. Immu- 
nostaining revealed the presence of some toxin 
conjugate on Rced-Stcrnberg cells in the nodes.' 18 
Comparable in-vivo binding was documented in lung 
tumor and bone marrow of one patient after systemic 
administration of anti-CD56-blocked ricin.'" The role 
of drug size and dose in tumor penetration was not 
documented in any of the second generation trials. 

Immune responses to both ligands and toxin 
moieties were again commonly observed in these 
second generation trials. Patients with B-cell malig- 
nancies appeared to have blunted responses to toxins. 
Out of 14 cvaluable B-cell NHL patients treated with 
anli-CD22 Fab-dgRTA, only one patient produced 
high level antibody to RTA (500 ng/ml); two other 
patients developed low level antibody to RTA at 42 
days (40-80 |ig/ ml) and one patient produced low 
level antibody to RTA (26g/ml) and mouse Ig 
(5ug/ml) at 28 days. 31 Thus, 11/14 patients showed 
no immune response to toxin conjugate. Similarly, 
among 24 evaluable B-cell NHL patients treated with 



bolus antiCI)22 Ig-dgRTA, most did not make anti- 
bodies (15/24), one patient made antibody to mouse 

and six patients marie antibodies to both R'lA and 
mouse Ig. 32 Antibody levels were low (0. 1-68 iig/ml) . 
Onlv 1/6 B-cell NHL patients on steroids produced 
antibody to anti CD22 Ig-dgRTA. Only 9/25 B-cell 
NHL patients receiving bolus anti-CD 1 9-blocked ricin 
developed antibodies to ricin and mouse Ig." After 
multiple cycles of continuous infusion antiCUlO- 
blucked ricin in 34 B-cell NHL patients, six patients 
developed anti-ricin antibodies, five patients had anti- 
mouse Ig antibodies, and 13 patients showed both 
antibodies — although levels were not reported." 17 
B-ALL patients given intravenous anti-CD 19 PAP did 
not develop immune i espouses to eithci the PAP or 

small cell lung cancer given anti-CD56-hlocked ricin 
almost uniformly developed anti-ricin antibodies 
(over 90% of patients).' 11 All refractory Hoclgkin's 
disease patients given anti-CD 1 9-SAP developed anti- 
bodies to both SAP and mouse Ig. 49 Most patients with 
IL2-receptor positive malignancies receiving 
DAB 48C IL2 or DAB 38!) 1L2 had significant ami riiphlhc- 

cxpected, since the U.S. population is immunized in 
childhood with diphtheria toxoid. Immune responses 
after intravesicle TP40 were not observed, presumably 
due to low systemic absorption of drug. 42 Systemic 
immune responses to interstitial transferrin-CRM 107 

Response rates approaching 40% were observed in 
the second generation trials of leukeinias and lympho- 
mas. Leukemia and lymphoma cells may be more 
easily reached by targeted toxins than solid tumor 
cells. Most solid tumors have poor blood supply, 
absent lymphatic drainage and large interstitial pres- 
sures. 10 In contrast, clonal malignant stem cells for 
hematopoietic malignancies may circulate between 
blood, marrow and other organs. Bolus anti CD22 Ig 
dgRTA yielded 5/24 partial responses (PR) and bolus 
infusions of anti-CD22 Fab-dgRTA produced 4/16 PR 
in evaluable patients with refractory B-cell NHL. 31 32 
Using anti-CD22 Ig-dgRTA in human immunodefi- 
ciency virus (HIV) positive patients with B-cell NHL, 
there were three complete responses (CR) among six 
evaluable patients."' 1 An eight-day continuous infusion 
of anti-CD22 Ig dgRTA in non HIV B-cell NHL 
patients at 9.6-28.8 mg/m 2 total dose yielded 4/16 
PR. 51 Bolus infusions of antl-CD 19-dgRTA produced 
one CR and one PR among 19 B-NHL patients, and 
continuous infusions of anti-CD 19-dgRTA produced 
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one PR among 10 B-NHL patients/ 1 Ami-CD25- 
dgRTA produced one PR lasting 2 monihs in 14 
(.•valuable paucnls with rcfractorv Hodgkin's disease.' 17 
Anti-CD 19-blocked ricin given as bolus daily infusion 
for five days to 25 patients with B-ccll NHL produced 
one CR lasting 21 months and two PR. 1 '' The same 
drug continuously infused over seven days in 34 B-cell 
NHL patients produced two CR lasting 16 and 33 
months and three PR lasting 1-3 months. 34 Anti- 
CD30-SAP produced PR lasting 2-4 months in five out 
of 12 patients with advanced refractory Hodgkin's 
disease. 30 Among 26 children with B-ALL treated with 
five daily boluses of anti CD 1 9-PAP. there were 6CR 
and 3 PR. 35 DAB,, SB IL2 was given by bolus infusion in 
several schedules to 109 patients with CD25 positive 
lymphoid malignancies, and there were three 
unmaintained CR of over 18 months' duration includ- 
ing one patient each with intermediate-grade NHL, 
cutaneous T-cell lymphoma and bone marrow trans- 
plant refractory Hodgkin's disease. In addition, eight 
PR lasting 2-12 months were noted. 38 DAB 389 IL2 has 
been given in 21 day cycles of five daily bolus infusions 
to patients with CD25 positive CTCL, NHL and 
Hodgkin's disease. 39 There were five CR and seven PR 
among 35 cvaluable patients with CTCL. There was 
one CR and two PR among 1 7 patients with NHL. One 
of 10 cvaluable patients with Hodgkin's disease, there 
have been no responses. Thus, even in the case of a 
smaller diffusable fusion toxin (60,000 daltons), in- 
vivo efficacy is reduced for solid tumors. Consistent 
with these observations, only one PR was observed in 
21 evaluable refractory small cell lung cancer patients 
treated with anti-CD56-blocked ricin. 41 Only one CR 
lasting 2 months was observed in 35 patients with 
metastatic carcinomas treated with LMB-1, 40 Intra- 
cavitary therapy was relatively ineffective both in the 
second generation intravesicle TP40 trial 42 and the 
previously reported intrathecal anti-transferrin recep- 
tor-rccombinant RTA study. 28 Among 43 patients with 
refractory superficial bladder cancer, no evidence of 
antitumor activity was seen in patients with Pa or Tl 
lesions (Ta: papillary tumors with no invasion of 
bladder wall; Tl: papillary tumors with lamina propria 
invasion). 42 Eight of nine patients with carcinoma in 
situ showed clinical improvement following TP40 
therapy, however urine and bladder washings con- 
linued to show malignant cells. In contrast, interstitial 
therapy using transferrin CRM 107 of 18 evaluable 
patients with unifocal brain neoplasms (12 glio- 
blastoma multiforme, six anaplastic astrocytoma) 
yielded two CR and 7 PR. The mean duration of 
response has not been reached and is greater than 40 



observations suggest the bust disease laigels are (a) 
leukemias and lymphomas for systemic- therapy and 
(b) local disease treated bv regional thciapy rather 

Closer analysis showed responders had lower initial 
tumor burdens than nonrespondcrs. If patient tumor 
burden must fall below a critical value for long term 
remissions or cure, and targeted toxin therapy like 
chemoradiotherapy causes fractional or log cell kill, 
response rates would be expecled to he higher when 
initial tumor burdens are lower. 52 Below a certain 
number, residual clonogenic tumor cells may not be 
able to expand perhaps due to host defenses:' ' 



Ongoing trials 

Between 1993 and 1995, three types of targeted toxin 
trials were initiated (Table 2). Novel potent fusion 

used svstemically in four phase I studies in hopes that 
smaller or more potent toxic polypeptides will pene- 
trate tumors more effectively and yielded better 
clinical activity. Previously developed toxin conjugates 
are being used in cocktails or combined with chemo 
therapy or bone marrow transplantation in 10 phase 
II trials to achieve greater log tumor cell kill. Finally, 
toxin conjugates are being used in three late phase II 
and phase III trials in selected disease slates in which 
1-2 log cytorccluction of circulating target cel ls can 
improve patient well-being. 

A phase I dose-escalation study of DAB L18U EGF for 
treatment of patients with EOF receptor bearing 
advanced malignancies was recently commenced.' 4 
To date 47 patients have been treated with 30-minute 
infusions of 0.3-15 pg/kg/day for five days every 28 
days for six cycles or with 30 minute infusions on days 
1, 8, 9, 15 and 16 every 28 days for six cycles. Twenty- 
patients have received the 5 consecutive-day treat- 
ment and 27 have received the episodic treatment 
schedule. Dose-limiting toxicity has not been reached, 
but side effects including tr ansient elevated ( rea 
tinine, transient elevated transaminases, fatigue, pain, 
chills, fever, hypotension, hypertension, nausea and 
vomiting have been experienced. There have been no 
responses to date, although 4 patients have stable 
disease. A fusion protein consisting of a single chain 
Fv (immunoglobulin variable fragment) reactive with 
Lewis 5 antigen coupled to a 38 kilodalton fragment of 
PE (LfvtB-7) is being given intravenously over 30 
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AniCDIObR NH1, 

AntiCD19-bR NHL 

AntiCD19bR HIV+NHL 

AntiCD56-bR SCLC 

DAB, sq IL2 CTCL 

DAB:;,;.] 1.2 Psoriasis 

Anti-CD 19 PAP B ALL 

Tf CRM 107 Brain turner, 

AnU-CDV-dgKTA T-ALL 

And-CD25-clgRTA llodgkin's 

Anti-CDoUSAP Hodgkin's 

Anti-CI)19-SAP B-ALL 

c/.CD19&22-dgRTA NHL 

DAB- F ,,LGF Carcinomas 

LMB-7 Carcinomas 



D.l'lavell, unpublishe 



lymphoblastic leukemia; DAB™, F.GF. 
Fv-PE38KDFL AuioBMT, autologous 



aCDia&22dgI<iA,c 



minutes on days 1, 3 and 5 every four weeks for 
patients with metastatic Lewis* positive carcinomas. 4 " 
To date eight colorectal cancer patients and one 
breast cancer patient have received 2-7 |Ag/kg doses 
without side effects. The t 1/2 was 60 minutes and the 
peak drug level was 90ng/ml. 70% of patients 
developed anti-PE antibodies. A third new targeted 
toxin phase I study tests and-CD7-dgRTA in patients 
with refractory T-ccIl acute lymphoblastic leukemia 
(J. Kersey, unpublished data). Six patients have 
received 0.05-0. 1 mg/kg/day by one hour intra- 
venous infusions Tor five days. There have been 
no side effects or responses. Finally, anti-CD 19-SAP 
is given in a dose-esralation fashion to children 
with refractory BALL (D. Flavell. personal corn- 

A phase II study on anti-CD 19-blocked ricin has 
been conducted in minimal residual disease B cell 
NHL. 55 Patients must have relapsed after one or more 
chemotherapy regimens, had chemosensitivc disease, 
undergo myeloablative therapy with cyclophospha- 
mide (60 mg/kg/day for two days) and total body 
irradiation (200 cGy bid X 3 days) followed by rescue 
with antibody and complement purged autologous 
marrow grafts, and remain in complete remission 60 
days post-transplant. Seven day continuous infusions 
of 30-40 jig/kg/ day drug arc administered on a 1 4-28 
day cycle. To date 12 patients have been treated at 
40 ttg/kg/day for seven-day infusions monthly and 49 
patients have received 30 ttg/kg/day for seven days 
everv two weeks. 29/59 evaluable patients have 
developed antibodies to mouse Ig and ricin between 
day 11 and 200. and infusions were stopped once 



immune responses were documented. Toxicities 
included asthenia, anorexia, arthralgias, dyspnea, 
thrombopenia. hypotension, chills and thrombophle- 
bitis. 60% of patients remain in continuous complete- 
remission an average of 3 years post-transplant. I hose 
results compare favorably with oilier transplant regi- 
mens for B-cell NHL. 56 Based on these results. Cancer 
and Acute Leukemia Group B (CALCB) began a 
48-center phase III trial (CALGB9254) in which 
relapsed or refractory B-cell NHL patients receive any 
myeloablative regimen followed by marrow or periph- 
eral stem cell rescue (with or without purging) and, 
once achieving a complete remission, half the patients 
receive anti CD19-blockcd ricin infusions for seven 
days at 30^tg/kg/day for two courses between day 60 
and 120 post-transplant. The study has accrued half 
the 232 patients needed for randomization/' 1 In a 
phase II study, anti-CD 19-blocked ricin is being given 
in combination with ctoposide, vincristine, doxor- 
ubicin, cyclophosphamide, and prednisone (EPOCH) 
combination chemotherapy for relapsed B-cell 
NHL."' 1 To date, eight patients have been enrolled. 
The cytoreduction from combination targeted toxin 
and chemotherapy should lead to a greater log tumor 
cell kill. Similarly, a phase II study of aiiti-CDIO- 
blocked ricin in combination with low dose cyclophos- 
phamide, adriamycin, vincristine and prednisone 
(CHOP) combination chemotherapy is being given to 
HIV positive B-cell NHL patients in an eflort to 
improve the short remission duration in this disease. ' 
Continuous infusion of 20 ug/kg/day for seven days is 
given, and to date, 46 patients have been enrolled. 
Another phase II study employs anti CD56-blocked 
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ricin for treatment of minimal residual disease small 
cell king cancer. 41 A ft cm' six cycles of chemol 1km apy 
and radiotheiapy for limited small cell lung cancer, 
responding patients are receiving drug by continuous 
infusion a! 30 |tg/kg/dav for seven days. Nine patients 
have been treated so far, and transaminasemia, VI S, 
elevated scrum creatinine phosphokinase (CPK) and 
one episode of ventricular tachycardia have been 
observed. B-ALL patients with detectable minimal 
residual disease after induction chemotherapy will be 
entered on a Children's Cancer Study Group (CCG) 
protocol employing five daily bolus infusions of anti- 
CD 19 PAP followed by consolidate chemotherapy. 35 
Refractory Hodgkin's disease patients will receive 
0.4mg/kg twice of anti-CD30 SAP one month after 
autologous bone marrow transplant. 36 Two other 
phase II studies of targeted toxins attempted to 
improve response rates by adapting treatment to the 
biology of the particular tumor. Anti-CD25-dgRTA will 
be tested at I5mg/m 2 total dose in patients with 
greater than 30% CD25 positive Reed-Sternberg 
cells.'" This subset of patients showed a higher 
response rate in the phase I dose-escalation study. 
Higher antigen density should facilitate toxin binding 
and internalization.'' A final phase II study employs a 
cocktail of two immunotoxins, anti-CD 1 9-dgRT A and 
anti CD22-dgRTA, to treat refractory B-cell NHL 
patients. 51 Anti-CD19 antibody induces cell activation 
and primes cells for apoptosis. 59 Further, more of the 
tumor cells express the combination of CD 19 and 
CD22 antigens than either alone. Among the three 
patients treated so far, there is one PR and one 
minimal response. Interestingly, the t 1/2 's of the two 
conjugates are different. 

Three phase 1 1 1 1 1 trials will use targeted toxins in 
conditions where 1-2 log target cell depletion will 
result in significant disease palliation. Patients with 
stage la- III (stage Ia-limiled plaques without nodal or 
visceral involvement, stage III-erythroderma without 
nodal or visceral involvement) CTCL having received 
fewer than three previous therapies will be given five 
daily bolus infusions of 9 or 18rtg/kg/day DAB 389 IL2 
on 21-day cycles for eight cycles. 39 The disease 
produces disfiguring skin lesions, with malignant cells 
circulating between the skin and bloodstream. Alter- 
native palliative treatments require elaborate equip- 
ment (extracorporeal pholophoresis) or have sig- 
nificant side effects (chemotherapy or radiotherapy). 
Another late phase II study is testing DAB 3M IL2 at 5, 
10 or I5ug/kg/day for three days every 4 weeks for 
patients with psoriasis. A pilot phase I study of 
DAB 381J IL2 at 2-9 ^g/kg/day for 5 days monthly for 




glioblastoma multiforme and anaplastic astrocytoma 
who have received maximal surgery and radiotherapy 
have a very short survival with great morbidity due to 
locally growing tumor. These patients will be treated 
in a late phase II trial with two infusions or interstitial 
transfcrrin-CRM107.' 13 Slowing the spread of these 

disease-free survival and overall survival. 



Future clinical strategics 

Toxicities to normal tissues have limited the ther- 
apeutic usefulness of a number of targeted toxins. 
More careful screening of normal tissues prior to 
clinical testing, particular nervous system tissues, have 
reduced ligand-induced toxicities. However, in two 
trials preclinical cross-reactivities require careful clin 
ical monitoring. Anti-CD5G blocked ricin targets the 
neural cell adhesion molecule (NCAM) antigen 
found on neural tissues 62 and hence observations lor 
late neurological sequelae are necessary. Similarly, 
LMB-7 targets the Lewis* antigen present on GI tissues 
and severe gastritis has been encountered with BR96- 
DOX (antibody-doxorubicin conjugate) which targets 
the same antigen.'' 3 DAB 3M EGF may bind the EGF 
receptor on hepatocytes 04 and continued monitoring 
of liver function tests will be necessary. Transfer! in- 
CRM107 may be toxic to normal brain capillaries 65 
and hence careful monitoring for acute and chronic 
CNS toxicities will be required in the interstitial 
therapy study. Most of the other targeted toxins in 
trials are directed towards differentiation antigens on 
hematopoietic tissues and have minimal cross reac- 
tivity with other normal tissues. The major toxicity of 
targeted toxins independent of ligand continues to be 
VLS. While the smaller size of fusion toxins may 
reduce vascular endothelial exposure, adequate closes 
to produce clinical benefit are likely to expose the 
endothelial cells to toxic levels of drug. /// -i'/j/'« models 
of VLS suggest endothelial cells are sensitive to toxins, 
but fail to provide methods of prevention. While no 
animal model exactly reproduces human VLS, a 
syndrome of hydrothorax, hypoalbuminemia, hemo- 
conccntration and neutrophilia has been described in 
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l'h40. w The syndrome: was pre 
with steroids or nun steroidal a 
(NSAIDs). 07 No molecular mechanism was demon- 
strated. Anti-CD30-SAP is being administered to 
patients with refractory Hodgkin s disease one month 
post-autologous bone marrow transplant with 8 mg/ 
kg methylprednisolone daily starting 2'1 hours before 
immnnotoxin thcrapy.In the first two patients treated 
no VLS has been observed. 36 

Poor tumor penetration continues to plague tar- 
geted toxin therapy. Jn-vhw studies with niulticellulai 
tumor spheroids and mathematical models using data 
from other proteins suggest smaller-sized fusion tox- 
ins and permeability enhancers — such as cisplatinum 
or hyaluronidase — may improve tumor uptake (,S,I,H 

Immunotoxins and fusion toxins generate humoral 
immune responses in most patients except immuno- 
suppresscd patients with B-cell neoplasms. Although 
anti-toxin may not block killing of circulating tumor 
cells, the immune complexes likely inhibit extrava- 
scular tumor uptake and limit effective 
periods for non hematologic malignancie 
dominant neutralizing epitopes have been identified 
for both PE 70 and ricin 71 and may serve as targets for 
genetic engineering. 15-deoxyspergualin and 
CTLA4Ig (a chimeric immunoglobulin fusion protein 
incorporating the extracellular domain of CTLA-4 
retaining the high binding avidity for B7/BB1; 
induces blockade of a costimulatory pathway on T 
cells) given systemically reduce humoral immune 
responses to foreign proteins in animals and patients 
and may permit repeated treatment schedules with 
immunotoxins and msion toxins. 7273 Finally, the use 
of human ribonucleascs as the loxophore may be an 
additional method for reducing conjugate 
immunogenicity. 7 ' 1 

Efficacy of targeted toxins in patients may be 
greatest where cytoreductions of several logs of target 
cells can produce a change in clinical condition. As 
noted above, trials in early stage CTCL, refractory 
unifocal gliomas, or minimal residual disease leuke- 
mia, lymphoma, Hodgkin's disease or small cell lung 
cancer may provide such a setting. A number of 
autoimmune disorders appear to respond to intra- 
vascular depletion of activated T lymphocytes includ- 
ing graft-versus-host disease. 75 rheumatoid arthritis, 70 
early type I diabetes mellitus, 77 and. most recently, 
psoriasis. 60 Another presumed autoimmune disease 
with horrendous morbidity is multiple sclerosis and 
this may be a candidate for targeted toxin clinical 
trials, especially with MRI monitoring of disease 



Protein engineering to optimize drug design and 
selection of disease: states based on lunioi cell biology 
is leading to a niche for targeted toxin therapy in the 

lymphomas and .small volume residual brain tumors. 
A number of autoimmune diseases may be belter 
controlled with intermittent use of targeted toxins 
than chronic use of immunosuppressants. Applica 
lions of cocktails of targeted toxins and combii nil ion 
therapy with chemoracliaiion may eventually lead to 
use of these agents in the Iront-lme treatment of a 
number of malignant diseases. 
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Major Structural Differences between Pokeweed Antiviral 
Protein and Ricin A-Chain do not Account for their Differing 
Ribosome Specificity 
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Roberts 
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Pokeweed antiviral protein (PAP) and the A-chain of ricin (RTA) are two members of a 
family of ribosome-inactivating proteins (RIPs) that are characterised by their ability to 
catalytically depurinate eukaryotic ribosomes, a modification that makes the ribosomes 
incapable of protein synthesis. In contrast to RTA, PAP can also inactivate prokaryotic 
ribosomes. In order to investigate the reason for this differing ribosome specificity, a series 
of PAP/RTA hybrid proteins was prepared to test for their ability to depurinate prokaryotic 
and eukaryotic ribosomes. Information from the X-ray structures of RTA and PAP was used 
to design gross polypeptide switches and specific peptide insertions. Initial gross 
polypeptide swaps created hybrids that had altered ribosome inactivation properties. 
Preliminary results suggest that the carboxy-terminus of the RIPs (PAP 219-262) does not 
contribute to ribosome recognition, whereas polypeptide swaps in the amino-terminal half 
of the proteins did affect ribosome inactivation. Structural examination identified three 
loop regions that were different in both structure and composition within the amino- 
terminal region. Directed substitution of RTA sequences into PAP at these sites, however, 
had little effect on the ribosome inactivation characteristics of the mutant PAPs, suggesting 
that the loops were not crucial for prokaryotic ribosome recognition. On the basis of these 
results we have identified regions of RIP primary sequence that may be important in 
ribosome recognition. The implications of this work are discussed. 
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We have isolated and sequenced partial cDNA clones that encode SO-6, a ribosome-inaetivating protein from Saponaria officinalis 
cDNA library was constructed from the leases of this plant and screened with synthetic oligonucleotide probes representing various 
portions of the protein. The deduced amino acid sequence show s the signal peptide and a coding region virtually accounting for the 
entire amino acid sequence of SO-6. The sequence reveals regions of similarity to other ribosome- inactivating proteins, especially 
region of the molecule where critical amino acid residues might participate in the active site. 
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We have expressed in Escherichia coli five isoforms of saporin, a single-chain ribosome-inactivating proten 
Translation inhibition activities of the purified recombinant polypeptides in vitro were compared with those 
recombinant dianthin 30, a less potent and closely related RIP. and of ricm A chain. Dianthin 30, and a sapi: 
encoded by a cDNA from leaf tissue (SAP-C). both had about one order of magnitude lower activity in tran: 
inhibition assays than all other isoforms of saporin tested. We recently demonstrated that saporin extracted I 
Saponaria officinalis binds to alpha2-macroglobulin receptor (alpha2MR; also termed low density lipoprote 
related-protein), indicating a general mechanism of interaction of plant RIPs with the alpha2MR system |Cu 
Nykjaer, Nielsen and Soria (1995) Eur. J. Biochem. 232, 165-17 I ]. Here we report that SAP-C bound to alp 
equally well as native saporin. However, the same isoform had about ten times lower cytotoxicity than the c 
isoforms towards different cell lines. This indicates that the lower cell-killing ability of the SAP-C isoform i 
due to its altered interaction with the protein synthesis machinery of target cells. Since saporin binding to th 
is competed by heparin, we also tested in cell-killing experiments Chinese hamster ovary cell lines defective 
expression of either heparan sulphates or proteoglycans. No differences were observed in cytotoxicity using 
saporin or the recombinant isoforms. Therefore saporin binding to the cell surface should not be mediated b 
with proteoglycans, as is the case for other alpha2MR ligands. 
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ABSTRACT The cDNA encoding the B chain of the plant 
toxin ricirt has been cloned and expressed in monkey kidney 
COS-M6 cells. The recombinant B chain was detected by 
labeling the transfected cells with [ 35 S]methionine and [ 35 S]- 
cysteine and demonstrating the secretion of a protein with a M r 
of 30,000-32,000 that was not present in the medium of 
mock-transfected COS-M6 cells. This protein was specifically 
immunoprecipitated by an anti-ricin or anti-B-chain antibody 
and the amount of recombinant B chain secreted by the 
COS-M6 cells was determined by a radioimmunoassay. Vir- 
tually all of the recombinant B chain formed active ricin when 
mixed with native A chain; it could also bind to the galactose- 
containing glycoprotein asialofetuin as effectively as native B 
chain. These results indicate that the vast majority of recom- 
binant B chains secreted into the medium of the COS-M6 cells 
retain biological function. 



Ricin is a potent toxin produced by beans of the plant Ricinus 
communis. The toxin consists of two disulfide-bonded sub- 
units (A and B), each with a M r of =32,000 (1-3). The B chain 
is a galactose-specific lectin that mediates binding of the toxin 
to a wide variety of cells (2-4). After binding and internal- 
ization of ricin, the A chain translocates across the membrane 
of an endocytic vesicle into the cytoplasm where it catalyt- 
ically inactivates 60S ribosomal subunits (2-4) and thereby 
inhibits protein synthesis and causes cell death. 

The A chain of ricin has been purified biochemically and 
conjugated to monoclonal antibodies reactive with normal 
and neoplastic cells using disulfide-containing crosslinkers 
(reviewed in refs. 5-7). Such conjugates or immunotoxins 
(ITs) have been used to kill cells, both in vitro and in vivo (8). 
Many A-chain-containing ITs (IT-As) are less potent than 
ricin-containing ITs (IT-Rs) (6, 7). There is evidence to 
suggest that this reduced toxicity is due to the absence of B 
chain, which has a second function — i.e., it can enhance the 
translocation of A chain into the cytosol where it exerts its 
cytotoxic effect (9, 10). The use of IT-Rs in vivo has been 
limited by their marked nonspecific toxicity. To provide the 
A-chain-enhancing function of B chain, IT-As have been used 
in the presence of free B chain (9, 10) or B-chain-containing 
ITs (IT-Bs) (11, 12). Both approaches enhance the specific 
toxicity of IT-As in vitro and free B chains can also enhance 
specific killing by IT-As in vivo (13). With regard to IT-Bs, 
some lectin activity remains that could lead to nonspecific 
interactions in vivo. Recent data (14, 15) indicate that lectin 
activity may not be essential for the A-chain-enhancing 
function of B chain but other data argue against this conclu- 
sion (6, 9). A definitive answer to whether or not the 
galactose-binding sites on the B chain play a role in A-chain- 
enhancing function requires deleting the galactose-binding 
site on the B chain prior to preparing and testing a IT-B. To 
this end, we have cloned and expressed a functional ricin 
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B-chain cDNA to carry out site-specific mutagenesis of the 
galactose-binding site. Our results indicate that recombinant 
B chain can be expressed in small amounts in monkey 
COS-M6 cells and that the B chain has A-chain-enhancing 
function and lectin activity. 

MATERIALS AND METHODS 

cDNA Cloning. Castor bean seeds were obtained from a 
local source. Total RNA was isolated from the endosperm of 
maturing seeds by homogenizing in 4 M guanidinium 
thiocyanate; this was followed by sedimentation through 5.7 
M CsCI. Poly(A) + mRNA was purified by chromatography 
on oligo(dT)-cellulose (16). Two micrograms of this mRNA 
was employed as a template in cDNA cloning procedures 
described by Okayama and Berg (17). Double-stranded 
cDNAs were used to transform Escherichia coli K.-12 (strain 
HB101), and =3 x 10 5 independent transformants were 
obtained from the starting mRNA. To identify ricin cDNA 
clones, 3 x 10" colonies were plated on nitrocellulose filters 
and screened with a mixture of oligonucleotides 20 bases in 
length representing all possible mRNA sequences encoding 
amino acids 495-501 (Trp-Met-Phe-Lys-Asn-Asp-Gly). This 
protein sequence corresponds to the COOH terminus of the 
B chain (2). Colonies hybridizing to this probe were then 
rescreened with a unique probe (AGGATCCATACAAAC- 
ATCAGC) corresponding to amino acids 280-287 at the NH 2 
terminus of the B chain, as derived from the DNA sequence 
of a ricin cDNA (18). Colonies hybridizing to both probes 
were characterized by restriction enzyme mapping and DNA 
sequencing. Both ricin and agglutinin were identified by these 
methods. A ricin cDNA clone encoding the complete B chain 
and part of the A chain was used in the subsequent genetic 
engineering of the plasmid. 

Construction of Ricin B-Chain Expression Vector. A plas- 
mid containing an insert capable of expressing the ricin B 
chain in mammalian cells was constructed using standard 
techniques (16). Briefly, a synthetic DNA fragment of 82 base 
pairs (bp) containing an Xba I site at the 5' end and a BamUl 
site at the 3' end and encoding a 21 amino acid signal 
sequence for the low density lipoprotein receptor (LDLR) 
(19) and 5 amino acids of the NH 2 terminus of the B chain was 
synthesized as two complementary oligonucleotides. One 
microgram each of the oligonucleotides was hybridized in 30 
/xl of 10 mM Tris-HCI, pH 8.0/1 mM EDTA/300 mM NaOAc 
for 16 hr at 42°C. The resulting double-stranded DNA was 
phosphorylated at the 5' end using an excess of ATP and T4 
polynucleotide kinase. A cDNA fragment encoding amino 
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acids 285-541 of the ricin B chain and 250 bp of 3' untrans- 
lated sequence was excised from a ricin cDNA clone by a 
complete Pvu II digestion and partial BamU\ digestion. 
Equimolar amounts of the 82-bp and the 1021-bp cDNA 
fragments were then ligated with an equimolar amount of a 
derivative of the pCD-X expression vector (20). This vector 
contains a simian virus 40 (SV40) early region promoter and 
the SV40 late region transcription termination and poly(A) 
sites. The desired expression vector (pES-B, Fig. 1) contain- 
ing both the synthetic DNA encoding the signal sequence and 
the ricin B-chain cDNA fragment in the proper orientation 
was selected by colony hybridization after transformation of 
E. coli HB101. The plasmid was further characterized by 
restriction mapping and DNA sequencing of the cloning 
junctions. 

Cell Growth and Transfection. COS-M6 cells (21, 22) were 
provided by Tim Osborne of this institution. Cells were 
grown in high-glucose (4 g/liter) Dulbecco's modified Eagle's 
medium (DMEM) containing 10% fetal calf serum, penicillin, 
streptomycin, and L-glutamine. Transfection of COS-M6 
cells was carried out using a DEAE-dextran-chloroquine 
procedure (23). Briefly, COS-M6 cells at 3 x 10 5 cells per ml 
were transfected with 5 /xgof plasmid DNA per ml. Following 
transfection, cells were washed with Tris-buffered saline 
(TBS; pH 7.4) and incubated in DMEM for 40 hr, after which 
the medium was replaced with fresh, cysteine-free and 
methionine-free DMEM containing 0. 1 M galactose and 1 g of 
glucose per liter. [ 35 S]Cysteine and [ 35 S]methionine were 
then added to the medium at a specific activity of 400 /xCi/ ml 
(1 Ci = 37 GBq). After 8 hr, the medium was collected and 
assayed for the presence of B chain as described below. 
Medium used for the analysis of lectin activity and toxicity of 
reconstituted ricin contained unlabeled cysteine (48 mg/liter) 
and methionine (30 mg/liter). 

Immunoprecipitation. Immunoprecipitation was carried 
out with rabbit anti-ricin (RAR), rabbit anti-ricin B chain 
(RAB), or rabbit anti-ovalbumin (RAOVA) antibodies com- 
plexed to goat anti-rabbit Ig (GARIg) (immunocomplexes) 

(24) . The RAR was raised against boiled ricin and recognizes 
both native and denatured A and B chains (14). In radioim- 
munoassays (RIA) it is about 2-fold more active against 
denatured than native B chain. One hundred microliters of 
the immune complex suspension was added to 500 /xl of 
COS-M6 medium and incubated by continuous rotation for 1 
hr at 4°C. Immunocomplexes were sedimented through 
sucrose gradients (24). The resulting pellet was washed in 0.5 
ml of phosphate-buffered saline (PBS), dissolved in 40 /xl of 
sample buffer (125 mM Tris-HCI, pH 6.8/2.5% NaDodS0 4 / 
5% 2-mercaptoethanol), and analyzed by NaDodS0 4 /PAGE 

(25) . 

Detection of B Chain by RIA. Media from mock-transfected 
or transfected COS-M6 cells were concentrated 10- to 20-fold 
by centrifugation through an Amicon Centricon 10 micro- 
concentrator. The molar concentration of B chain was then 
determined by RIA as described (26). A standard curve was 
constructed using the values obtained with the native B chain 
and the concentration of recombinant B chain was deter- 
mined from this curve. The assay could detect 0.01 nM B 
chain. 

Lectin Activity Analysis. The lectin activity of secreted 
recombinant B chain in the medium of the COS-M6 cells was 
determined by a RIA (14). Briefly, wells of microtiter plates 
were coated with asialofetuin (ASF), a galactose-rich glyco- 
protein. Native B chain (in PBS or in medium from mock- 
transfected COS-M6 cells), medium from pES-B-transfected 
cells, or medium from mock-transfected cells was added to 
the plates and binding was subsequently detected with 
U5 l-labeled RAR. Negative controls included ovalbumin 
(OVA; a protein with no lectin activity) or PBS. The assay 
could detect 0.01 nM B chain. 



Ricin Formation. The ability of recombinant or native ricin 
B chain and native A chain to reform toxic ricin was 
evaluated in two ways. (/) One milliliter of 35 S-labeled media 
was dialyzed against PBS/2-mercaptoethanol. This was 
mixed with 1 /xg (0.03 fiM) of unlabeled, reduced native A 
chain. Controls included medium alone, native i:5 I-labeled B 
chain alone, and native 125 I-labeled B chain mixed with native 
A chain. The mixture was dialyzed at 37°C for 16 hr. 
Following incubation, the mixture was immunoprecipitated 
with monoclonal antibody anti-ricin A-chain (mAb- 
anti-A)-goat anti-mouse Ig (GAMIg) immunocomplexes as 
described above. The washed immune complexes were 
dissolved in sample buffer without reducing agent and ana- 
lyzed by NaDodS0 4 /PAGE (25). (//) Concentrated media 
from unlabeled COS-M6 cells were dialyzed for 16 hr against 
PBS at 4°C to remove galactose. Fifty microliters of this 
medium containing no B chain (mock-transfected COS-M6 
cells) or 0.3 nM recombinant B chain (transfected COS-M6 
cells) was mixed with 1 /xg of A chain per ml (0.03 /xM) for 
1 hr at 37°C. Native B chain at concentrations of 0.01-1 nM 
was used as a positive control. Additional negative controls 
included A chain alone, native B chain alone, medium from 
transfected cells alone (recombinant B chain), or medium 
from mock-transfected cells plus native A chain. Daudi cells 
(10 s ) in 100 /xl were then added and cultured for 40 hr. After 
this time, cells were labeled with [ 3 H]leucine for 4 hr. 
Incorporation of [ 3 HJIeucine into protein was determined by 
harvesting the cells on a multiple automated harvester and 
counting the radioactivity in a liquid scintillation spectrom- 
eter. The assay could detect 1 pM B chain. 

RESULTS 

Rationale for the Construction of a Ricin B-Chain Expres- 
sion Vector. In the endosperm of castor bean seeds, the ricin 
B-chain gene is normally expressed as part of a preproricin 
precursor containing a signal sequence (24 amino acids) and 
a 12 amino acid linker between the A and B chains (18). The 
preproricin molecule is processed posttranslationally to yield 
an A chain that is disulfide bonded to B chain. The ricin B 
chain itself has four intrachain disulfide bonds and two 
glycosylation sites (2). In the absence of galactose, it under- 
goes conformational changes resulting in gradual loss of 
lectin activity, which is accelerated at 37°C (E. Wawrzyn- 
czak. P. E. Thorpe, and E.S.V.. unpublished results). Our 
aim was to construct an expression vector that would yield a 
B chain with optimal tertiary structure and intrachain disul- 
fide bonds. To this end, a signal sequence was ligated 5' to the 
coding sequence of the B chain to facilitate processing, 
glycosylation, and secretion of soluble B chain (Fig. 1). 
Although the ricin cDNA contains a signal sequence (18). it 
was not clear w hether this sequence would be recognized by 
the appropriate enzymes in the COS-M6 cells. Since LDLRs 
have been successfully expressed in COS-M6 cells (19) and 
the NH.-terminal amino acid of the LDLR is the same as that 
of the ricin B chain (alanine), it was postulated that the 
COS-M6 cells would effectively cleave the signal sequence. 
We also included galactose in the COS-M6 cell medium 
during expression to preserve the lectin function of the B 
chain at 37 C and prevent it from binding back to the COS-M6 
cells. 

Detection of Ricin B Chain in the Medium of COS-M6 Cells. 

To analyze proteins secreted into the medium by pES-B- 
transfected and mock-transfected COS-M6 cells, we labeled 
cells with [ 3? S]methionine and [ 3S S]cysteine and then precip- 
itated media with 10% trichloroacetic acid. The trichloroace- 
tic acid precipitates were dissolved, reduced, and electro- 
phoresed on NaDodS0 4 /polyacrylamide gels. As shown in 
Fig. 2, lane B, mock-transfected COS-M6 cells secreted a 
variety of proteins ranging in M r from 12,000 to 200,000. As 
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Fig. 1. Construction of the ricin B-chain expression vector. An expression vector containing B chain DNA was assembled by means of a 
three-fragment ligation. The vector backbone was a derivative of PCD-X (21) containing an Xba I site at the 3' end of the SV40 early region 
promoter. An 82-bp fragment encoding the 21 amino acids of LDLR signal sequence (20) and the first five residues of the ricin B chain was 
synthesized as two oligonucleotides on an Applied Biosystems model 380A DNA synthesizer. The nucleotides were hybridized and then 
phosphorylated at their 5' ends with ATP and T4 polynucleotide kinase. A third DNA fragment encoding the remaining 267 amino acids of the 
ricin B chain was isolated from a ricin cDNA plasmid. These three DNA fragments were mixed in an equimolar ratio and ligated with T4 DNA 
ligase. After transformation into E. coli HB101, the desired expression vector was identified by colony hybridization and characterized 
extensively by restriction endonuclease mapping and DNA sequencing. 



seen in lane C, a similar array of proteins was secreted by the 
transfected cells, but, in addition, there was a protein of 
=30,000-32,000 M r that was not present in lane B. 

Immunoprecipitation of COS-M6 Cell Medium. To deter- 
mine whether the Af r 30,000-32,000 molecule secreted by the 
pES-B-transfected COS-M6 cells was ricin B chain, media 
from transfected and mock-transfected COS-M6 cells were 
treated with immunocomplexes containing antibodies direct- 
ed against ricin, ricin B chain, and OVA (control). Approx- 
imately 3-5% of the acid-precipitable radioactivity in the 
medium of the pES-B transfected COS-M6 cells was specif- 
ically immunoprecipitated by RAR or RAB (data not shown) 



A B 




Fig. 2. Trichloroacetic acid-precipitable "S-labeled proteins 
released into the medium of COS-M6 cells. Media from the mock- 
transfected or pES-B-transfected cells were precipitated with 10% 
trichloroacetic acid. Precipitates were dissolved, reduced, and elec- 
trophoresed on 12% NaDodSO< slab gels. The gels were fluoro- 
graphed in Enhancer solution (DuPont, New England Nuclear) and 
dried. Lanes: A, size markers (shown as M, x 10" 3 ); B, medium from 
mock-transfected cells; C, medium from pES-B-transfected cells. 
The position of the B chain is noted by the arrow. 



antibodies. Immunoprecipitates were washed, dissolved, and 
electrophoresed in 12% NaDodS0 4 /polyacrylamide gels. As 
shown in Fig. 3, only the native B chain (lane F) and the 
30,000-32,000 M r protein from the transfected cells (lane E) 
were specifically precipitated. No proteins were immunopre- 
cipitated with the anti-OVA immunocomplexes (lanes B and 
C) nor were any proteins recognized by the anti-ricin anti- 
bodies in the media of mocl-transfected cells (lane D). These 
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Fig. 3. Immunoprecipitation of the medium of pES-B- 
transfected COS-M6 cells. Immunocomplexes consisting of RAOVA 
and GARlg or RAR and GARlg were added to 500 /xl of medium or 
20 ng (0.6 nM) of 12 'I-labeled B chain. All samples were im- 
munoprecipitated in 0.1 M galactose. The immunoprecipitates were 
washed, dissolved, and electrophoresed on 12% NaDodSO« slab 
gels. The bands were visualized by fluorography. Lanes: A, size 
markers (shown as M, x 10 '); B and C, RAOVA immunoprecipi- 
tates of medium from mock-transfected (lane B) and pES-B- 
transfected (lane C) cells; D and E, RAR immunoprecipitates of 
medium from mock-transfected (lane D) and pES-B-transfected (lane 
E) cells; F, '"(-labeled native B chain. Similar results were obtained 
using RAB instead of RAR (data not shown). 
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results indicate that the 30,000-32,000 M r protein secreted by 
the pES-B-transfected cells has the antigenicity of ricin B 
chain. The slower mobility of this protein under reducing 
conditions versus nonreducing conditions (data not shown) 
indicates that the secreted protein has intrachain disulfide 
bonds. As determined by RIA, the amount of B chain in the 
medium before concentration was 0.03-0.5 nM and, hence, 
is lower by a factor of about 10 than most proteins secreted 
by transfected COS-M6cells (27). In the immunoprecipitates, 
the molecular weight of recombinant B chain was slightly 
larger than that of native B chain, which may be due to 
glycosylation differences when synthesized in plant versus 
mammalian COS-M6 cells or by the failure of the COS-M6 
cells to cleave the entire signal sequence at the 5' end of the 
B-chain coding sequence. 

Reconstitution of Recombinant B Chain with Native A 
Chain. To test the ability of recombinant B chain to form 
active ricin when mixed with native A chain (28-31), reduced 
A chain (or controls; see Materials and Methods) was mixed 
with reduced medium from 35 S-labeled, pES-B-transfected 
COS-M6 cells and dialyzed for 16 hr at 37°C against PBS in 
the presence of 0.1 M galactose. The medium was precip- 
itated with immunocomplexes containing mAb-anti-A (32) 
(which does not react with native or denatured B chain). 
Washed immunoprecipitates were analyzed under nonreduc- 
ing conditions by NaDodS0 4 /PAGE. As shown in Fig. 4, a 
molecule containing A and B chains with a molecular weight 
similar to that of ricin was observed only in those samples 
containing mixtures of medium from 35 S-labeled, pES-B- 
transfected cells and native A chain (lane C) or 125 I-labeled 
native B chain and native A chain (lane E). These data 
indicate that the recombinant B chain forms a covalent 
heterodimer with the native A chain. 

To determine whether the recombinant B-chain-native A 
heterodimer was toxic to cells, medium from unlabeled, 
pES-B-transfected COS-M6 cells (containing a known con- 
centration of B chain as determined by RIA) was mixed with 
native A chain and tested for its toxicity to Daudi cells. The 
positive and negative controls are described in Materials and 
Methods. In a representative experiment shown in Table 1, 
medium containing 0.3 nM recombinant B chain effectively 
reconstituted the toxic activity of ricin when mixed with 
native A chain. In comparing this toxicity with that of native 
B chain mixed with the same concentration of native A chain, 
the concentration of recombinant B chain forming ricin was 
estimated to be =0.4 nM, which was similar to the concen- 
tration of B chain in the medium as determined by RIA. This 
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Table 1. Toxicity of ricin formed by recombinant B c 



+ mock-transfected medim 
+ transfected medium 
+ native B chain 
+ native B chain 



it 37°C for 



Aliquots of concentrated media 
/ig/mlor0.03/iM)in96-well 

1 hr; this was followed by addition of Daudi cells. Cells were 
incubated for 40 hr at 37°C in a CO, incubator. The ability of 
recombinant B chain in medium from pES-B-transfected cells to 
reform ricin with native A chain and kill Daudi cells was measured 
by ['H]leucine incorporation. A representative experiment (one of 
six) is shown. The native B chain used in this experiment has an IC W 
of >0.1 /iM when cultured for 40 hr with Daudi cells. 
•No addition = 320,722 ± 3720 cpm per 10 5 cells. 
+ As determined by RIA. 

observation suggests that virtually all of the recombinant B 
chain could form heterodimers with native ricin A chain and 
these heterodimers were as toxic to cells as those formed with 
the two native polypeptides. This finding suggests that the 
recombinant B chain has both lectin and potentiating activity 
for the A chain. 

Analysis of the Lectin Activity of Recombinant B Chain. 
Native B chain binds to galactose-containing glycoproteins 
and glycolipids. To test the ability of recombinant B chain to 
bind to the galactose-containing protein ASF, a RIA was 
utilized as described in Materials and Methods. As shown in 
Table 2, medium containing 5 nM recombinant B chain bound 
to the galactose-containing ASF and this binding was 
inhibitable by 0.1 M galactose. The addition of medium from 
mock-transfected cells to native B chain reduced its binding 
to ASF by 36%, presumably due to the complexing of native 
B chain with secreted proteins in the medium of the COS-M6 
cells. Thus, in comparing the concentration of the B chain in 
the medium of the transfected cells to native B chain that 

dium of 



Fig. 4. Reconstitution of ricin heterodimers from native A chain 
and "S-labeled medium of pES-B-transfected COS-M6 cells. One 
microgram (0.03 fiM) of native, reduced, unlabeled ricin A chain was 
mixed with the reduced medium and dialyzed against PBS for 16 hr 
at 37°C. Immunocomplexes (100 consisting of mAb-anti-A and 
GAMIg (lanes B-F) were added to the mixture. The immunoprecip- 
itates were washed, dissolved, and electrophoresed on 12% 
NaDodS0 4 slab gels. Bands were visualized by fluorography. Lanes: 
A, size markers (shown as M, x 10"'); B, 1 ml of medium from 
,? S-labeled mock-transfected cells incubated with 1 jig of unlabeled 
native A chain; C, 1 ml of medium from pES-B-transfected cells 
incubated with unlabeled native A chain; D, 1 ml of medium from 
pES-B-transfected cells incubated alone; E. native 135 I-labeled ricin 
B chain incubated with unlabeled native A chain; F, native 125 I- 
labeled ricin B chain incubated alone. 



Transfected medium 



+ mock-transfected 



1554 



Microliter plates (96-well) were coated with 10 jtg of ASF and 
washed five times in distilled H : 0. The concentrated media were 
added to ASF-coated plates and incubated for 2 hr at room temper- 
ature. The amount of ricin B chain bound to ASF was detected by 
adding 1:5 l-labeled RAR to the wells. The effect of galactose on 
binding to ASF was measured by adding 0.1 M galactose to the 
medium or native B chain during the 2-hr incubation period with 
ASF. This is one experiment of two performed. The cpm in the PBS 
control (270 cpm) have been subtracted from all values. ND, not 
determined. 

*As determined by RIA. The concentrations of B chain were 
determined from the linear portion of the standard curve (limit of 
detection, 0.01 nM). 
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bound to the ASF substrate in the presence of medium from 
mock-transfected cells (Table 2), all of the recombinant 
B-chain molecules appear to have lectin activity. 

DISCUSSION 

In the present study, we have described the cloning and 
expression of ricin B chain in a transient expression system — 
i.e., monkey COS-M6 cells. The recombinant B chain reacts 
with antibody to ricin B chain, retains lectin activity, and can 
dimerize with A chain to form toxic ricin. By quantifying the 
amount of recombinant B chain in the medium of the 
transfected cells by a sensitive RIA and by constructing 
dose-response curves for the functional studies in question, 
it was possible to determine quantitatively the retention of 
biological activity of the recombinant B chain. The results 
suggest that the B chain has full biological activity, although 
it was expressed at low levels (0.1 nM) compared to other 
proteins expressed in this cell line. These low levels could be 
due to binding of the B chain to intracellular or cell-surface 
glycoproteins or glycolipids during transport and secretion, 
toxicity to the cells, degradation by secreted proteases, or 
improper posttranslational processing. 

Recent studies (14, 15) indicate that the ability of the B 
chain to potentiate the toxicity of a IT-A is retained when it 
is targeted to cells as a IT-B, even when the lectin activity is 
destroyed by chemical modification. Hence, it would be 
desirable to produce a IT-B (to be used in conjunction with 
a IT-A) in which the galactose-binding sites of the B chain 
have been selectively eliminated. The development of a 
system for expressing recombinant B chain with both A- 
chain-enhancing function and lectin activity makes this 
approach possible. Moreover, the amino acids in the galac- 
tose-binding sites of the B chain have been identified by x-ray 
crystallography (33). If a lectin-deficient ricin B chain with 
A-chain-potentiating activity could be generated, a IT-B 
prepared with this B chain could then be utilized in conjunc- 
tion with a IT-A as a highly specific therapeutic agent. 
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Pokeweed antiviral protein (PAP) and the A-chain of ricin (RTA) are two members of a family of 
ribosome-inactivating proteins (RIPs) that are characterised by their ability to catalytically dcpininate 
eukaryotic ribosomes, a modification that makes the ribosomes incapable of protein sy nthesis. In contrast 
to RTA, PAP can also inactivate prokaryotic ribosomes. In order to investigate the reason tor this differing 
ribosome specificity, a series of PAP/RTA hybrid proteins was prepared to test for their ability to depuri- 
nate prokaryotic and eukaryotic ribosomes. Information from the X-ray structures of RTA and PAP was 
used to design gross polypeptide switches and specific peptide insertions. Initial gross polypeptide swaps 
created hybrids that had altered ribosome inactivation properties. Preliminary results suggest that the 
earboxy-tcrminus of the RIP.s (PAP 219-262) does not contribute to ribosome recognition, whereas 
polypeptide swaps in the amino-terminal half of the proteins did affect ribosome inactivation. Structural 
examination identified three loop regions that were different in both structure and composition within the 
amino-terminal region. Directed substitution of RTA sequences into PAP at these sites, however, had little 
effect on the ribosome inactivation characteristics of the mutant PAPs, suggesting that the loops were not 
crucial for prokaryotic ribosome recognition. On the basis of these results we have identified regions of 
RIP primary sequence that may be important in ribosome recognition. The implications of this work are 
discussed. 

Keywords: ribosome-inactivating proteins; pokeweed antiviral protein; ricin; ribosome recognition; N- 
glycosidase. 



Many plants, fungi and bacteria produce ribosome-inactiva- 
ting proteins (RIPs) which can attack and catalytically inactivate 
eukaryotic ribosomes and thereby inhibit protein synthesis. The 
physiological role of these proteins is unknown although it is 
widely believed that plant RIPs play roles in defence, e.g. as 
potential antiviral or antifungal agents (Lord ct al„ 1991). RIPs 
are characterised by their ability to remove an invariant adenine 
base from a conserved loop in 28S rRNA (Hndo and Tsurugi, 
1987). This loop is involved in binding elongation factors and 
its depurination leads to irreversible inactivation of the 60S ribo- 
somal subunit and the cessation of protein synthesis. 

Classically. RIPs have been categorised into two families 
based on their structural characteristics. Pokeweed antiviral pro- 
tein (TAP) from Phytolacca americana is a representative of the 
type 1 family of RIPs, all of which are single chain N-glycosi- 
dases with molecular mass around 30 kDa. In addition to the 
type 1 class of RIPs, some plants produce heterodimeric proteins 
termed type 2 RIPs. These have an A chain that appears to be 
structurally and functionally related to the type 1 RIPs, disulfide 
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dom, CV4 7AL 
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Abbreviations. ID 5 „. concentration of protein for 50% depurination; 
PAP, pokeweed antiviral protein; RTA, ricin A-chain; RIP. ribosome in- 
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linked to a sugar-binding B chain. The majority of the type 2 
RIPs, as exemplified by the castor oil seed toxin ricin, are potent 
cytotoxins owing to the cell binding ability of the R chain which 
promotes the obligatory first step in toxin uptake. The type 1 
RIPs, in contrast, are not cytotoxic since they lack a means of 
initially binding to the surface of cells. If introduced into cells 
by an alternative carrier then cytotoxicity is observed. Unusu- 
ally, two type 2 RIPs have been shown to exhibit extremely poor 
cytotoxicity but in vitro protein synthesis inhibition is equivalent 
to other type 2 RIPs (Gtrbes et al., 1993a,b). 

A surprising finding in recent years has been that several 
type 1 RIPs, including PAP, show activity towards not only eu- 
karyotic ribosomes but also prokaryotic ribosomes (Hartley et 
al., 1991). To date, no type 2 RIPs have been shown to inactivate 
prokaryotic ribosomes. Depurination of Escherichia coli 23S 
rRNA occurs at A2660, in a functionally equivalent position to 
the target adenine of eukaryotic 26/28S rRNA (A4324 in rat 
liver). The location of the target adenine within the rRNA struc- 
ture is equivalent in both eukaryotic and prokaryotic ribosomes 
and was shown by Hndo et al. (1987) to lie in a highly conserved 
14-base purine-rich sequence («-sarein loop). Studies of the ki- 
netics of RTA-eatalysed depurination have determined the A'„, 
and k c ,„ for eukaryotic ribosomes to be approximately 1 pM and 
1500 min" 1 respectively (Endo and Tsurugi, I9S7). Although 
RTA is inactive towards intact prokaryotic ribosomes, depurina- 
tion of naked 23S rRNA by RTA has been described (Endo and 
Tsurugi, 1987). Since the prokaryotic rRNA can serve as a sub- 
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strate for RTA -dependent N-glycosidase activity when stripped 
of ribosomal proteins, and the rRNA target sequence is con- 
served, the molecular basis of this difference in RIP specificity 

Studies have also shown that the three-dimensional structural 
alignments of PAP and ricin A chain arc very similar and the 
organisation of the putative active-site region is highly con- 
served. However, a small number of polypeptide regions were 
identified as having sufficiently different tertiary structure to 
warrant investigation as possible ribosomc-specificity determi- 
nants (Monzingo et al., 1993). It has been suggested that regions 
of RIP protein structure, possibly quite distinct from the active 
sile, may determine ribosome specificity. The aim of this present 
study is to investigate this possibility by using RTA and PAP as 
model proteins for RIPs that are only active against eukaryotic 
nbosomes (RTA) or have activity against both eukaryotic and 
prokaryotic ribosomes (PAP). Gross polypeptide swaps and spe- 
cific peptide swaps have teen generated to create RTA/PAP hy- 
brid proteins for examination of their ability to inactivate nbo- 



MATERI ALS AND METHODS 

Construction of polypeptide hybrids. Hybrids were con- 
structed using the PAP template described previously (Chaddock 
et al., 1994) which has a TGA codon inserted after the codon 
for Thr262 and a deletion of the sequence coding for the 29- 
amino-acid C-tcrminal extension. Nucleotide and amino acid 
numbering are derived from the previously reported PAP cDNA 
(Lin et al.. 1991) and ricin cDNA (Lamb et al., 1985) sequences, 
with numbering initiated at the first codon of the mature protein 
sequence. Site-specific mutagenesis was performed using the 
T7-GEN in vitro mutagenesis system. 

In order to construct templates for the polypeptide swaps. 
M13 clones were prepared by ligation of a pET Xba\-Bum\\\ 
fragment from pETPAPSTOP and pETRTA into M13mpl8. 
Clones were initially created in M13, sequenced and the Xbcil — 
/>'<//)iHI fragment isolated for ligation into similarly cut pETl Id. 
Swap 1 clones (i.e. the N-terminal portions) were constructed 
from PAP and RTA templates mutated to create a Shc\ site at 
base 192 (PAP). Mutant M13 was cleaved with NheMHindWV and 
the small DNA fragments swapped. In addition to the desired 
mutation, this strategy resulted in the mutation Mel65 — > Ala in 
PAP. Swap 2 clones (i.e. central region) were created from tem- 
plates having Nhcl and Csyi45 sites inserted at base positions 
192 and 379. respectively. The respective Xhel- Csp45 DNA 
fragments were swapped. This strategy resulted in the mutation 
Leu 126 — Phc in both swap 2 hybrids. Swap 3 clones (i.e. C- 
lerminal region) were created using templates mutated to intro- 
duce C.v/>45 sites at base 654, resulting in secondary mutants 
Ala218 — Ser (PAP) and Glu220 — Asp (RTA)/ HinJM- 
0/M5 small DNA fragments from these mutated templates were 
swapped to construct the swap 3 scries. 

Construction of peptide swap mutants. Three peptide 
sw aps ( PAP80. PAP1 10 and PAP122) were constructed using the 
following procedures. pETSO was created by insertion of a 
double-stranded oligonucleotide linker into a PAP template 
which had been mutagenised to insert two restriction sites. Two 
mutated M13PAPSTOP templates with a Nnd site at base posi- 
tion 232 and a K/m\ site at 260 (M13JACI and M13JAC2, re- 
spectively) were prepared. A linker oligonucleotide (created bv 
hybridisation of GCTGGAAATTCGTAC with GAATTTC- 
CAGC) was ligated to a 661 -bp M13JAC2 Kpn\-liamH\ frag- 
ment. The hybrid was ligated to a 6672-bp M13.IAC1 Rt„nW\~ 
A'n/l fragment, transformed into E. coii TG2 and sequenced. 



Clone 110 was constructed using a PCR method. A 485-bp PAP 
sequence, amplified using oligonucleotide TTAACTGATGTT- 
C A A A ATA G T A A A A A C AT and JACEND (Chaddock et al., 
1994), was digested with Hamlll and ligated to fti/wHlM/711-eut 
ML3JAC5 (containing an ,4/711 site mutated into the PAP se- 
quence at base 315). The PCR fragment/Ml 3 hybrid was treated 
with mungbean nuclease to blunt the site, then ligated to 
form M 13 110. M13122 was constructed by mutagenesis of 
M13PAPSTOP with the T7-GEN system and the mutagenic oli- 
gonucleotide AACATAAACTTTGGTGGTAATTATCATAGA- 
TTGGAATCAAAAG. All Ml 3 clones were sequenced fully be- 
fore mutant DNA was cloned into pETl Id by digestion of the 
M13 clone with Xba\/BcimU\. 

Northern blotting. Northern Blotting of rRNA onto Hy- 
bond-N membrane was performed essentially as described by 
Sambrook et al. (1989) using Pharmacia VacuGenc XL appara- 
tus. Hybridisation of ''P-end-lanelled oligonucleotide probes 
(75 pmol, approximately 2Xl()"dpm) specific lo the 3' end of 
the 28S and 23S rRNA was performed ov ernight in fresh hybrid- 
isation solution (0.015 M NaCl, 0.0015 M sodium citrate, pi I 7, 
0.3% SDS) at 37°C/42°C respectively, kilters were washed 
twice for 30 min with 0.03 M NaCl, 0.003 M sodium citrate, 
0.1 °c SDS prior to exposure to X-ray film at -70"C. 

Miscellaneous methods. All clones were transformed into 
E. coii BL21(DE3)pLvsS and were maintained as glycerol 
stocks at ''.I C . Protein expression and prokaryotic rRNA ex- 
traction are described elsewhere (Chaddock et al., 1994). Protein 
purification, N-glycosidase assay, and in vitro transcription/ 
translation techniques were essentially as previously described 
(Chaddock and Roberts, 1993). Other'standard laboratory meth- 
ods were as in Sambrook et al. (1989). 



RESULTS 

Polypeptide switches. Hybrids were constructed with the poten- 
tial to encode large regions switched in polypeptide content to 
investigate their contribution to ribosome specificity. The valid- 
ity of such an approach was confirmed with (he later observa- 
tions from X-ray structure analysis of PAP and RTA demonstrat- 
ing the highly conserved tertiary structure. These gross changes 
were made by introduction of specific restriction enzyme sites 
into the PAP and RTA DNA sequences, digestion of mutant 
DNA, and cloning DNA fragments into the respective partner. 
Restriction sites were chosen to minimise codon mutations. Se- 
quences between PAP residues 1-63, 64 126. and 219-262 
were exchanged with RTA equivalents 1-71. 72 -126. and 
222-267 to investigate the contribution to ribosome recognition 
of these gross changes. 

The first swap representing amino acids 1 -63 was designed 
to investigate the N-termmal region, which is relatively low in 
conservation between PAP and" RTA and has previously been 
implicated in having potential ribosome-interaclivc properties 
(Watanabe and Funatsu. 1986; Mlsna el al.. 1993). The second 
region (64-126) was changed lo investigate several phenomena. 
These include the effects of altering a substantial amount of the 
//-sheet structure on one side of the active site but not affecting 
the key catalytic residues, and investigating the importance of 
the putative RNA recognition motif present in residues 78 84 
in RTA and 70-76 in PAP identified bv primary sequence simi 
larity in a maize RIP by Bass et al. (1992). In addition, swap 2 
contained the peptide regions of loops 80 and 1 10 that were later 
individually mutated (see below). The third swap assessed the 
contribution of the C-lerminal region of the protein, leaving all 
the major catalytic residues untouched. The C-termini of PAP 
and RTA constitute a region of low secondary structure and arc 



162 



Chaddock ei al. (Eur. J. Hiochem. 235) 



(a) 

PAP RTA PAP1 PAP2 RTA3 RTA1 RTA2 PAP3 



28S 




PAP PAP RTA PAP1 PAP2 PAP3 RTA1 RTA2 RTA3 




Fig. 4. N-glycosidase activity of PAP and RTA mutants toward cu- 
karyotic and prokaryolic ribosomes in a non-translating in vitro sys- 
tem. Soluble protein was prepared from E. colt sonicates and equivalent 
amounts assessed for depunnation ability. Northern blots of aniline- 
treated rRNA were probed with specific probes for the .V termini of the. 
eukaryotic 28S rRNA (a) and prokaryolic 23S rRNA (b). The RIP-spc- 
cific RNA fragment released following aniline cleavage is indicated by 



In older to test if the proteins expressed in this system re- 
tained N-glycosidase activity toward isolated eukaryotic ribo- 
somes, etude sonicates were prepared after induction of expres- 
sion for 3 h. Subsequent lOOOOOXg centrifugation prepared a 
soluble fraction of each hybrid which was used to test for the 
ability to inactivate reticulocyte ribosomes in vitro. Equivalent 
amounts of soluble protein from each mutant was analysed. As 
indicated in Fig. 4. only constructs PAP1, PAP2, RTA 3. RTA 
and PAP showed activity in this assay. Northern blot analysis 
was performed to increase the sensitivity of RNA visualisation, 
and this analysis confirmed that only the hybrids identified 
above were active. The data for PAP3 were not consistent with 
its observed activity towards prokuryotic ribosomes during ex- 
pression. When proteins including PAP3 were extracted from E. 
roli and added to isolated prokaryolic ribosomes in vitro, only 
wild-type PAP depurinated rRiNA (Fig. 4). A summary of these 
domain swap results is shown in Table 1. 

Peptide swaps. Comparison of the tertiary structures of PAP 
(Monzingo el al., 1993) and RTA (Katzin et at., 1991) led to 
the identification of three peptide regions that were noticeably 



dissimilar between RTA and PAP. They were located within the 
polypeptide swaps that had altered properties and therefore were 
potentially important. These regions were named SO, 110 and 
122 to describe the approximate amino acid positions in PAP. 
Loops 80 (Asp78--Arg86) and 110 (Cys 1 06- Val 1 1 3) are lo- 
cated in the regions between /?-strands d and e and between o- 
helix B and /(-strand f, respectively, whereas loop 122 (residues 
Asp120-Thrl25) forms a 'ltd' structure al the entrance of the 
active site, displaying a different structure and charge distribu- 
tion between PAP and RTA. To investigate if activity towards 
prokaryolic ribosomes could be reduced, as had been seen with 
PA PI and PAP2, the respective RTA sequences were inserted 
into the PAP backbone to create mutant PAP proteins. The posi- 
tions of the peptide swaps in the tertiary structure are indicated 
in Fig. 5 and the amino acid changes ;ue shown in the accompa- 
nying legend. 

Conversion of the PAP-like motifs to the equivalent RTA- 
like motifs was performed by DNA manipulation as described 
and constructs were prepared in the I-., roli expression vector 
pETlld. All three mutants were shown to express equivalent 
quantities of protein after induction with isopropyl /(-n-thioga- 
lactopyranoside (Fig. 6a). No significant differences in growih 
characteristics were observed following induction of toxic and 
non-toxic proteins, therefore monitoring the absorbance during 
expression did not provide a good indicator of relative activities 
of the hybrids. An improved indication of activity was prov ided 
by E. coli cell viability, as measured by a plating assay. Viability 
was reduced to less than 0.1 % of the pre induction levels after 
3 h of PAP expression (data not shown). Ribosomal RNA from 
the expression cultures of the three mutants was isolated and 
checked for depunnation. In all cases the ribosomes had been 
depurinated indicating that the protein was active to the hosl 
ribosomes during expression (data not shown). In order lo assess 
activity more accurately, the mutant proteins were purified by 
cation-exchange chromatography. PAP80 (Fig. 6b) and PAP I 22 
were successfully purified to homogeneity as assessed by silver 
staining samples following SDS/PAGH. PAP 1 10 was not ob- 
tained fully pure using similar techniques but was highly en- 
riched. The concentration of PAP110 within the semi-purified 
sample could be estimated from densitometry of stained SDS/ 
polyacrylamide gels, as was done also for the fully purified mu- 
tant proteins PAP80 and PAP1 22. 

Mutant proteins were assayed lor activity toward isolated 
rabbit reticulocyte ribosomes and isolated E. roli ribosomes in 
vitro. E. roli ribosomes have previously been shown to be ap- 
proximately 100 - 500-fold less sensitive to RIPs than eukaryotic 
ribosomes (Hartley et al., 1991). Assays were performed in Fndo 
buffer in the absence of additional factors. Appropriate concen- 
trations of toxin were incubated with 1 pg/pl ribosomes for 
30 inin at 30°C. rRNA was extracted and the amount of depun- 
nation estimated by densitometry of cthidiuin-bromide-stained 
gels (Chaddock and Roberts, 1 993). Since it was not the inten- 
tion of this analysis lo prepare kinetic parameters for each mu- 
tant, but rather to investigate their relative activities toward the 
two ribosome types, these assay conditions were satisfactory. 
Fig. 7 shows a titration of purified recombinant PAP versus 
PAP80 and clearly demonstrates that the mutant PAP80 protein 
does not have reduced activity towards prokaryolic ribosomes. 
For each mutant toxin a similar titration was performed and the 
amounts of depurination assessed. Comparison of the activities 
of the toxins was made possible by estimating the ID,., (concen- 
tration of toxin for 50% depunnation) from graphical analysis 
of the amount of depurination resulting from various toxin con- 
centrations. For each measurement of hybrid activity, a control 
experiment was performed using purified wild-type PAP and an 
ID,,, calculated. The mutant ID.,,, was then compared to the wild- 
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Table 1. Summary of activity assessments of polypeptide swaps. 

Ribosomal substrate Depurination activity of protein 

RTA PAP PAP1 PAP2 PAP3 RTA1 RTA2 RTA3 

Eukaryotic in vitro (non-translating) 
Prokaryotic in vitro (non-translating) 
Prokaryotic host (translating) 




Ivpe and the N-iilvcosidase activity of the mutants calculated as 
a percentage ot wild-tvpe activity (Table 2). 

From the analysis it is apparent that RTA sequences inserted 
into PAP had not significantly affected the ability of the mutant 
proteins to inactivate prokarvoUc or eukaryotic nbosomes. In all 
three cases, the activity of the mutant was within one order of 
magnitude ot wild-tvpe PAP durum these assays. Since RTA is 
not active towards t. coh nbosomes at concentrations up to 
10 000-fold creater than concentrations needed to inactivate re- 
ticulocyte ribosomes (Ready et al.. 1991). we can assume that 
the mutant PAP hybrids are not areatlv alfected in prokarvoUc 
nbosome depurination. Clearly, the swapped peptide recions 
alone do not account for the prokarvoUc nbosome specificity of 
PAP 



DISCISSION 

Allhoimh the key catalytic residues present in the active site 
ol RIP^ arc alwavs conserved, and the target adenine residue 
they remove from rRNA is present in an absolutely conserved 
base sequence, the target nbosome specificity lor dillerent RIPs 
can vary- dramatically. I he work presented here represents an 
initial attempt to determine whether the structural features of 
RIPs go\ern their nbosome specificity. It was decided to use 
RIA and PAP (o investigate their documented differences in m- 
activation ot bacterial (prokarvotic) and rabbit reticulocyte (euk- 
aryotic) nbosomes. I he availability ot cDNA clones and the 
later mtormation derived from the tertiary structures of PAP and 
RTA were decidinc factors in the choice of RIPs. Manv workers 
have described the specificity of RIPs in relation to their ability 
to inactivate sell and non-self nbosomes. and have attempted to 
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l'ig. 6. hxpression and purification ot I'M' peptide loop mutants, tai 

Analysis of PAP peptide loop mutants expressed in BL2 1 ( DH3 )pl .vsS 
bv SDS/PAGK and Western blottiim with anti-PAP anlibodies, I -ml sam- 

isopropvl-//-D-tlnoi;alactopvTaiioside. centriluL'cd al I3()0()x;> tor 5 mm. 

E. coit transformed with the expression veclor alone (pHT). (b) Puritica- 

2 and Ti). punlied recombinant PAP80 (lane .i) and punlicd recombinant 
P\P (lmi 6) uuc \isuihsed b\ sil\u si num., tolkmin„ Sr>S/P\(,l 

masses (in kDa) are indicated on the risiht. 



explain whv RIPs have evolved a specificity tor nbosomes 
(Prestlc et al.. 1992: Taylor et al.. 1994: Wong et al.. 1995). 
However, little work has been described where the Icaluies nec- 
essary tor nbosome recognition and interaction have been inves- 
tigated. Rather, most mutagenesis experiments have concen- 
trated on the determination ol the catalytic mechanism ( Kim ami 
Robertus. 1992: Chaddock and Roberts. 1993). A recent study 
by Morris and Wool (1994) described the ellects ot deletions on 
hehx D in RTA and concluded that none ol the residues in this 
region (Asnl41 -Tvrl52) were involved in nbosome recoimi- 
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lunt ot the N-glvcuMdasc actmlv ot purified I'M' and 
AI'SO towards eukarvotic and prokarvotic ribosomes. (a) m) no iso- 
tcl labbit re iculootc nhosomcs « t R treUcd with P\l times 2 b) 
id PAP80 ilanes 7-11) (or 30 mm at 30°C. RNA isolated and the 
nline-treated RNA visualised following electrophoresis bv ciliidium 
roniide staining ot agarose/tormamide irels. Final toxin concentrations 

). 0.1 nn/ul (lanes .s and 10) and 0.01 n>j/pl (lanes 6 and 11) were used, 
ancs I and 13 show non-anihne-lrealcd samples of lOng/ul PAP and 
.) n«/pl PAP80 respeetivelN. Lane 12 shows depunnation resuliine from 
lcubation of 3.3 ne/pl RTA. (b'l 30 j.ig isolated E. roli ribosomes were 
eated with PAP (lanes 2-7) and PAP80 (lanes 8-13) as above. Final 
ixin concentrations of 10 ng/ul (lanes 2 and 8). 0.7 ng/pl (lanes 3 and 
). .1 ng/L.l (lanes 4 and 10). 3.3 ng/pl (lanes 3 and 11). 1.7 r.g/ul (lanes 
and M) and 0.8 na'ul (lanes 7 and 13) were used. Fanes 1 and 14 
low non-aniline-lreated samples of I0ng/ul PAP and lOiWjil PAP80. 
;speclivclv. The rkNA fragment released is indicated bv an arrow. 



PAP80 PAP1 



the electrostatic potential ot the residues surrounding the active 
site was important in determining nbosome interaction (Ago et 
al.. 1994). However the study did not no further to investigate 
whether this charge distribution determined nbosome specificity. 

We (Katzin el al.. 1991 ; Monz.ingo et al.. 1993). and others 
(Husam et al.. 1994: Weston et al.. 1994). have taken the view 
that the recognition ot substrate may involve residues distant 
from the active site in rcmons of the protein that mav lnleracl 
with ribosomal proteins to determine speeiticitv. I here are sc\- 
eral lines oi evidence to support this hypothesis. First, the kev 
active-site residues of all RIPs studied are conserved, as are their 
positions in the active site. Second, the ribosomal RNA se- 
quences are highly conserved in the target area leading to little 
differences in the RNA substrate. Third. /•". roli rRNA is depuri- 
nated bv RTA. albeit poorly, alter removal of ribosomal proteins 
(Endo and Tsurugi. 1987) suggesting that, m the absence ot ribo- 
somaFproteins. prokaryotic rRNA does indeed adopt a confor- 
mation, possiblv RTA-indticed. suitable lor depunnation. Since 
RTA possesses the concct iclnc site slimttirc to dipuiin ti / 
roli rRNA. we hypothesise that the deciding factor lor dcpuiiiia- 
tion m vivo is the presence ot ribosomal proteins and their rela- 
tive ability to interact with RIPs. It appears that certain RIPs 
have fortuitously evolved a surtace compatible lor the interac- 
tion with prokaryotic ribosomes. 

In order to address the question ot ribosomal speeiticitv. a 
series of pol\ peptide and peptide swaps between PAP ami RTA 
were constructed. A random mutagenesis approach was not 
adopted here since we rationalised that single-residue chances 
brought about bv a random approach mav not be snllieienl to 
determine substrate recognition, further, such an approach 
would generate mostly structural and active site mutants which 

Rather, it seemed more hkelv that a patch of residues mav create 
a suitable recognition determinant. Polypeptide swap hvhrids 
were prepared in order to transter larger patches ol potential 
surtaec-mleraetiNC zones to test this hypothesis, 

I he results obtained lor the polypeptide chances were inter- 
esting. Or the polypeptide switch mutants, only PAP 3 was acme 
'ards prokaryotic ribosomes dui 



'x wild-tvpe PAP 



lion or catalysts. Habuka et al. (1992). investigating the proper- 
ties ot active-site mutants ol Mirabilis antiviral protein, showed 
that certain mutants do have a reduced ability to inactivate pro- 
karyotic ribosomes. In addition, it was recently suggested that 



Ho\ 



isolal 



n roli 
i of PAP 3 



reticulocyte was observed lollowm 
expression culture and in vino activity assessment. This implies 
that PAPj-dependcnt depunnation durum expression may be a 
transient activity that could only be observed briefly after 
translation before aberrant folding and loss of activity. It was 
shown that, although soluble PAP.3 could be recovered, the hv- 

PAP and R I A ) suggesting poor/altered lolding properties (data 
not shown). The complementary hybrid RTAo was active toward 
eukaryotic ribosomes but was not active to prokarvolic ribo- 
somes as one would expect ol a hybrid protein that was pre- 
dominantly RTA. The results from RTA .3 and PAP.3 suggest that 
the C-terminus of" PAP does not contain crucial prokaryotic nbo- 
some recognition determinants. 

In contrast to PAP.3. PAP1 ami PAP2 did not inactivate pro- 
karvolic ribosomes. either during (ranslation in /;. roli or m an 
in vitro assay. However, they exhibited substantial eukaryotic 
nbosome inactivation properties in vitro, suggesting that the 

these mutants have been altered in prokaryotic nbosome recog- 
nition, suggesting that interactive zones lie within the first 126 
residues ot the protein. Since these swapped regions are non- 
overlapping, the possibility exists that each region, when mu- 
tated separately, affects just a component ol the recognition 
zones. It mav be that only when both components arc intact can 
prokaryotic ribosomes be dejiurinated. Alternatively, it is pos- 
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Purification, characterization and molecular cloning of Irichoanguin, 
a novel type I ribosome-inactivating protein from the seeds of 
Trichosanthes anguina 
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and Jung-Yaw LIN* 1 
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The seeds of the plant Trichosanthes anguina contain a type I 
ribosome-inactivating protein (RIP), designated trichoanguin. 
which was purified to apparent homogeneity by the combined 
use of ion-exchange chromatographies, i.e. first with DE-52 
cellulose and then with CM-52 cellulose. The protein was found 
to be a glycoprotein with a molecular mass of 35 kDa and a pi 
of 9.1. It strongly inhibits the protein synthesis of rabbit 
reticulocyte lysate. with an IC.„ of 0.08 nM. but only weakly that 
of HeLa cells', w ith an IC, 0 of 6 //M. Trichoanguin cleaves at the 
A4324 site of rat 28 S rRNA by its N-glycosidase activity. The 
cDN'A of trichoanguin consists of 1039 in and encodes an open 
reading frame coding for a polypeptide of 294 amino acid 
residues. The first 19 residues of this polypeptide encode a signal 
peptide sequence and the last 30 residues comprise an ex- 
tension at its C-terminus. There are four potential glycosv lation 
sites, located at Asn-51. Asn-65. Asn-201 and Asn-226. A com- 
parison of the amino acid sequence of trichoanguin with those 
of RIPs such as trichosanthin. a-momorcharin. ricin A-chain 



and abrin A-chain reveals 55",,. 48 ll n . 36",, and 34 ll ( , identity 
respectively. Molecular homology modelling of irichoanguin 
indicates that its tertiary structure closely resembles those of 
trichosanthin and a-momorcharin. The large structural simi- 
larities might account for their common biological effects such as 
an abortifacient. an anti-tumour agent and anVi-HlV-1 activities. 
Trichoanguin contains two cysteine residues. C'ys-32 and Cys- 
155. with the former being likely to be located on the protein 
surface, which is directly amenable for conjugation with anti- 
bodies to form immunoconjugates. It is therefore conceivable 
that trichoanguin might be a better type I RIP than any other so 
far examined for the preparation of immunotoxins. w ith a great 
potential for application as an effective chcmoiherapeutic agent 
for the treatment of cancer. 



Key words: inhibition of protein synthesis. N-glycosidases. rilx 
some-inactivating proteins. Cucurbitaceae. 



INTRODUCTION 

Ribosome-inactivating proteins (RIPs) are ubiquitous in the 
plant kingdom, with great abundance found in some plant 
families, such as the Cucurbitaceae [1]. RIPs inhibit protein 
synthesis by cleaving the N-glycosidic bond of adenine at position 
4324 of rat liver 28 S rRNA and preventing the binding of 
elongation factor 2 [1]. The single adenine residue is removed 
from a highly conserved loop structure in the ribosomal RNA 
that render its 5'- and 3'-phosphodiester bonds very susceptible to 
acid-aniline cleavage and release the diagnostic RNA fragment 
of 420 nt [1]. RIPs are classified into two subgroups on the basis of 
their structures and functions: type I proteins consist of a single 
polypeptide chain of molecular masses ranging between 28 and 
35 kDa and alkaline isoelectric points (pi) of pH 8 TO with or 
without carbohydrates [2]: type II RIPs consist of a catalytic- 
ally active A chain linked to a cell-binding B chain. The B chain, 
possessing lectin properties, binds to the D-galactose moieties of 
the cell surface, leading to endocytosis and delivery of the A chain 
into the cell, where the latter can attack ribosomes enzymieally 
[3.4]. Among type II RIPs. the cDNA species of ricin from Ricinus 
communis and abrin from Abrus precatorius have been cloned 
[5.6] and expressed in an Escherichia coli system [7.8]. 

Several type I RIPs have been purified and characterized from 
plants, e.g. pokevveed antiviral protein (PAP: Phytolacca 



amencana) [9]. momordin (Momordica charanlia) [10]. luflin 
(Luffa cvlindrica) [11]. bryodin (Bryonia dioica) [12] and dian- 
thin (Dianthus caryophyllus) [13]. Trichosanthin ( Tricliosantlics 
kirilouii). a-momorcharin (Momordia charanlia). saporin {Sapo- 
naria officinalis). PAP and bryodin have also been show n to have 
abortifacient activities [14]. 

Trichosanthin and a-moniorcharin have been shown to be 
effective against T cells and macrophages infected with IIIV-I 
[15.16], Clinical trials on trichosanthin also showed a decrease 
in the p24 antigen and an increase in CD4-positive cells in 
some patients [16.17]. There is great interest in their potential 
application as imnuinotoxins that can be selectively targeted 
to a particular cell type, such as cancer cells [IS]. Here we 
describe the purification, characterization and molecular cloning 
of a new RIP from seeds of T. anguina in the Cucurbi- 
taceae family, and studv three-dimensional molecular models 
of it. based on the tertiary structure of trichosanthin and 



EXPERIMENTAL 
Materials 

The seeds of snake gourds (7T anguina) were purchased from a 
local store. Restriction enzymes and T4 DNA hgase vvcre 
obtaincd from New England Biolabs (Beverly. MA. U.S.A.). The 
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Trizol kit for RNA extraction was obtained from Life Sciences 
(Petersburg. FL, U.S.A.). Oligo(dT) cellulose was purchased 
from Pharmacia (Uppsala. Sweden). The Marathon"' cDNA 
amplification kit was from Clontech (Palo Alto. CA, U.S.A.). 
Deoxv ribonucleotide primers were synthesized by the phosphor- 
amide method with an Applied Biosystems (Foster City. CA. 
U.S.A.) automated DNA synthesizer. Taq DNA polymerase. 
/;GEM-T vector, rabbit reticulocyte lysate and L-["H]leueine 
were obtained from Promega (Madison. WI. U.S.A.). The 
AmpliTag FS Prism Ready Reaction Cycle sequencing kit was 
from Applied Biosystems. Abrin A-chain was isolated and 
purified as described previously [6]. Other chemicals were of 
analytical grade. 



Purification of trichoanguin 

All purification procedures were performed at 4 ; C. T. anguina 
seeds were homogenized with a Waring blender by using 10 mM 
sodium phosphate buffer. pH 7.2. A floating layer of solidified 
fat was removed with cheesecloth. After centrifugation of the 
suspension at 1 5 000 g for 30 min. solid (NH^SOj was added to 
the supernatant to 95 saturation. After being left for l h. the 
precipitates were collected by centrifugation. dissolved in 10 m.M 
sodium phosphate buffer. pH 7.8. and dialysed against the same 
buffer. After dialysis the clear supernatant was applied to a DE- 
52 cellulose column (2.2 cm x 10 cm) pre-equilibrated with the 
buffer. The flow-through fractions were collected and applied to 
a CM-52 cellulose column (2.2 cm x 10 em) pre-equilibrated with 
10 mM sodium acetate buffer. pH 5.0. The column was eluted 
w ith a linear gradient of 0-0.4 M NaCl in the same buffer. 
Fractions with inhibitory activity towards protein synthesis were 
pooled, dialysed extensively against distilled water and freeze- 
dried. The purified fraction was analysed by SDS/PAGE. 



Gel filtration 

Gel filtration of trichoanguin was performed w ith a Superose 12 
column HR 10, 30 (Pharmacia), which was cluted with 50 mM 
sodium phosphate buffer. pH 6.8. containing 150 m.M NaCl: the 
flow rate was 0.4 ml; min. The column was calibrated with the 
following molecular mass markers: BSA (67 kDa). ovalbumin 
(45 kDa) and chv motrypsinogen (25 kDa). 



Electrophoresis 

Active fractions isolated from each purification step were ana- 
lysed by SDS/PAGE [12.5 "„ (w/\ ) gel], as described by Lacmmli 
[19]. The protein bands were revealed by being stained with 
Coomassie Brilliant Blue R-250. Carbohydrate-containing bands 
were detected with periodic acid/Schiff reagent [20]. The pi of 
trichoanguin was estimated from isoelectric focusing electro- 
phoresis performed with a pH 3.5-10 gel with a Pharmacia 
Multiphor II system. 



Protein sequence analysis 

The N-terminal amino acid sequence of trichoanguin was de- 
termined by using the automated Edman degradation method 
with an Applied Biosystems model 477 A protein sequencer and 
an on-line pheny lthiohydantoin analyser. The C-terminal resi- 
dues were determined by using the method of Kamo and Akira 
[21]. The reaction was performed by carboxypeptidase A diges- 
tion in 0.1 M pyridine/'acetate/collidine buffer. pH 8.2. at 



37 C C for 6 h. and the reaction products were dried and analysed 
directly with an A-5500 amino acid analyser (Irica. Kyoto. 

Cell-free inhibition of protein synthesis 

Assay of inhibition of protein synthesis in vitro was performed 
as described [22]. with a cell-free rabbit reticulocyte lysate 
(Promega). Various amounts of toxin were added to the reaction 
mixture, and the reaction was performed at 50 C for I h. The 
trichloroacetic acid-insoluble products were collected on a silass 
fibre disc by filtration with Whatman GF/C. then processed for 
liquid-scintillation counting. Each inhibition point is calculated 
as the mean for three individual tests. 



Cytotoxicity assays 

HeLa cells were grown in RPMI 1640 medium supplemented 
with 4 mM non-essential amino acids, streptomycin (100 i.u./ml). 
penicillin (100 //g/ml) and 10",, (v/v) fetal calfserum. Cells were 
plated in 24-well plates at a concentration of 10' cells per well 
and incubated at 37 °C under CO, for 24 h. The medium was 
then replaced by serum-free RPMI 1640 medium containing 
various amounts of toxin. Cells were further incubated at 37 C 
for 18 h; protein synthesis was measured by incubating the cells 
for lh in serum-free. leucine-free RPMI 1640 containing 
0.5//Ci, ml L-[ :; H]leucine. The radioactivity incorporated into 
protein was determined as described previously [23]. Each point 
is the mean for triplicate assays. 



RNA N-glycosidase activity 

Rat liver ribosomcs were prepared by the method of Wettstein et 
al. [24]: the ribosomes were incubated for 15 min with abrin A- 
chain or trichoanguin (10 nM) at 37 °C in a final volume of 
100 //l of reactioirbulTer [1 13 mM KC1/10 mM MgCL/0.05",, 
(v/v) //-mercaptoethanol/2 units of RNasin]. The reaction was 
terminated by the addition of 0.5"., SDS; the reaction products 
were extracted with phenol, precipitated with alcohol and then 
treated with 0.8 M aniline to cleave 28 S rRNA selectively at 
the depurinated site by //-elimination. The reaction products 
were analysed by using 7 M urea/3.5 "„ (w /v) PAGE: the 
gels were stained with ethidium bromide [25J. 

Sequencing of trichoanguin cDNA 

Total RNA was extracted from the maturing seeds of T. anguina 
in late summer with the Trizol reagent kit [26]. Poly(A)- 
rich RNA species were purified with a oligo(d T) column 
(Pharmacia). mRNA (1 //g) was reverse-transcribed with the 
Marathon " cDNA amplification kit (Clontech). and the double- 
stranded cDNA species were ligaled to Marathon " cDNA 
adaptors. Two degenerate primers were synthesized based on the 
N-terminal and internal conserved sequences of trichoanguin : 
5' primer A. encoding the first eight residues (DVSFDLST). 
and 3' primer B. encoding the highly conserved amino acids 
[EAARY(F)KYI] (Table f). were used, and the reactions were 
subjected to 30 cycles of heat denaturalion at 94 C for 1 min. 
annealing the primers to the DNAs at 50 r C for 1 min. and DNA 
chain extension vv ith Taq polymerase at 72 - C for 2 min. followed 
by a final extension at 72 C C for 10 mm. 

' Rapid amplification of cDNA ends (RACE) on the 3' end was 
performed with the Marathon " cDNA amplification kit by 
using the Hanking primer AP-1 and gene-specilic primer C (Table 
1). The 5' end was amplified by 5' RACE in essentially the same 
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Table 1 Oligonucleotide primers used for the isolation and cloning of 
trichoanguin cDNA 



-g 5 Primer A : -3ATGTTAGCTTCGATTTGTCGAC-3' 

3-3 A T TT T A A TT A "3 




manner as that for the 3' end. by using the flanking primer AP- 
1 and the gene-specific primer D [27] (fable 1). All PCR products 
were subcloned into the pGEM-T vector (Promega). then trans- 
formed into E. coli strain JM109. DNA sequencing was per- 
formed with the Tag dye primer cycle sequencing kit (Pcrkin 
Elmer) and subjected to electrophoresis on a 373 A Stretch AB1 
DNA sequencer. 

Molecular modelling of trichoanguin protein 

A sequence search against the SCOP [28] database revealed the 
high degree of similarity of the trichoanguin protein sequence to 
those of RIPs. In the RIP superfamily, several three-dimensional 
structures have been solved by X-ray crystallography. Four 
sequences from RIPs. a-trichosanthin (PDB code 1TCS [29]). 
a-momorcharm (PDB code 1MGR [30]). abrin A chain 
(PDB code 1ABR [31]). and ricin A chain (PDB code 1RTC 
[32]). were obtained from the PDB for painvise sequence 
alignment, and were compared with the trichoanguin sequence 
by using the GAP and BESTF1T prosrams of the GCG 
package. 

The three-dimensional model of trichoanguin was built by 
using the X-ray structures of a-trichosanthin and a-momorcharin 
as templates. The multiple sequence alignments generated from 
the PILEL'P program were checked manually and then used in 
the comparative homology modelling process because of their 
great similarity. Starting with the alignment, a method of 
automatic comparative modelling by means of satisfying spatial 
constraints as implemented in the MODELLER (version 4.0) 
program [33] was used to produce a trichoanguin model con- 
taining all main chains and side chain atoms without further 
manual intervention. First. MODELLER was used to derive 
many distance and dihedral angle restraints on the trichoanguin 
sequence from its alignment with the template RIP structures. 
Then the spatial restraints and CHARM M energy [34] terms 
enforcing the proper stereochemistry were combined into an 
objective function. The variable target function procedures, 
employ ing the methods of conjugate gradients and molecular 
dynamics with simulated annealing, were used to obtain three- 
dimensional models by optimizing the objective function. Twenty 
slightly different three-dimensional models of trichoanguin were 
calculated by varying the initial structure. The structure with the 
lowest value of the objective function was selected as the 
representative model. Assessment of the reliability of the model 
was performed residue by residue. The deviation from the 
standard geometry and atomic overlap was determined and 
evaluated more rigorously, residue by residue, with the PRO- 
CHECK program" [35]. PROSAII [36] and Profile-3D [37.38] 
were used to test the suitability of the derived three-dimensional 



to develop an energetic profile of the modelled structure. Sec- 
ondary structures ol the trichoancum model were calculated w ith 
the DSSP procram [39]. Graphics were displayed by the Insiahtll 
pickle from MSI Br s\ stem Technologies (Sm Dic.o ( \ 
U.S.A.) and the MOLMOL prouram [40]. 
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Figure 1 Purification of trichoanguin by ion-exchange chromatography 
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Figure 4 Analysis by gel electrophoresis of N-glycosidase activity 




Fmure 6 sequence comparison of trichoanauin (TCA) and other RIPs 




I c ~. «c ATG =CA CTC TCC TTT TTC ^ CTC CCC ATC TCT CTT =S= TCT CCT ACT cj= ^ GGT J, GTT AGC " 

" TTC OAT ^ TCG ACA GCT ACT AAA AAA TCC J T TCA TCT T^C ACA CAA CTC A GAT GCT CTT CCA ACT CAA ,Y. 

£ GGC ACA GTG TCC CCC ATT CCA TTG CTC CCT TCC ACC GCA TCC CCC TCA CAA TCG TTC ACA TTC TTC AAT CTT ACC £ 

,V. AAT TAT AAC GAT GAA ACC GTC ACC GTG OCT GTA AAT GTA ACC AAT GTC TAG ATC CTC CCG TAT CCT CCC GAT GCT ,7. 

■V, GTA TCC TAG tJt TTT CAA GAC ACT CCA GCT GAA GCT TTC AAG CTC ATA TTT GCA GCT ACT AAG ACG GTA AAA CTT £ 

1" c'ct TAT TCG CCT AAT tIt GAT AAG CTT CA, ACT GTA GTA GGC AAA CAA ACA GAT ATG ATT GAG CTT GGA ATC CCC IT. 

HI GCT TTA ACC AGT CCC ATT ACG AAC ATG GTT TAT TAG GAC TAG CAA AGT ACT CCA GCC GCQ C^T CTT GTA CTC ATT 535 

CAG TGT ACT GCA gL GCT GCA aL TAT AAA TAT A^T GAG CAA CAA GTT TCT TCA CAT ATT AGC tIt AAT TTT TAT III 

I?! CCA AAT CAA GCA G^C ATA AGC TTA GAA AAC AAG TCG GGT GCT CTT TCC AAA CAA ATC CAG ATA CCA AAT AGS ACG £ 

1,2 «A CAT CCA cL TTC GAA AAC CCT GTT GAG C,\ TAT AAC CCT GAT GGC ACA CCA TTT AGT GTA ACC AAT ACT TCG ,1'. 

IV, GCT GGA GTT GTA AAA GGC AAT ATC AAA CTC CTA CTA T Ic tIc AAA CCC AGT GTT «% AGT cL TAT GAT ATC CCT £ 

£ ACT ACA ATC TTG CAC CCT GGA GCT ATG GGA ATG CTT C^C AAT clc AAT GGA AAT TAT GTT ACA ATC TGA C L t Lta 898 
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N-glycosidase activity 

I he \ ghcosidise iui\it\ of tncho iii-um wis examined b\ 

abrin A-ehain. and the extracted rRNA was analvsed bv gel 
electrophoresis. As shown m Figure 4. when the rRNA from 
tnclioanauin-trcatcd nbosomes was treated with aniline at acidic 
pH. a cleaved fragment ol approx. 420 nt was obtained, similar 
to that lound m abrin A chain/anihne-treated nbosomes. 

Molecular cloning and sequence analysis of tnchoanguin 

PCR amplification of total cDNA mixtures prepared Irom seeds 
of T. aii'iuuia w ith the Marathon cDNA amplification protocol 
coupled with designed primers for 5' RACE and 3' RACE 
achieved the amplification ol" a full-leneth cDNA fragment of 
approx. 1 000- 1 100 nt encoding tnchoanguin. Sequence analvsis 



of the cDNA clone revealed that it is 1039 nt in length, a cDNA 
sequence containing an open reading frame of NN2 nt. cor- 
responding to a polypeptide ol 294 residues with a calculated 
molecular mass of 27066 Da (Figure .U 

In most eases, tvpe I RIPs arc cleaved post-translationallv to 
vicld the mature form. The deduced polypeptide chain ol 
tnchoanguin contains a segment ol 19 residues at the N-termnius 
coding lor a signal peptide. The C -terminal residues were 
identified as Ala-Scr bv carboxvpeptidase A digestion. 1 he 
cDNA sequence also contained a 30-residue extension at I lie ( - 
terminus, followed bv a translation termination codon (I OA) 
and a 10? nt 3'-untranslated sequence with an A A 'I AAA 
poIvadenvlaUon site. 

There are four potential glvcos\ lation sites at residues M. 6.\ 
201 and 226 (Figure 6): the presence of carbohydrate might 
account for the discrepancy observed between the actual coding 
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Molecular modelling of trlchoanguin 

The trichoanguin sequence was modelled w ith the coordinates of 
trichosanthin and a-momorcharin because these two proteins 
exhibited the highest sequence identity (55 °„ and 48",,) in the 
sequence comparison with trichoanguin [30]. Figure 7 shows that 
the a-carbon backbones of trichoanguin and a-momorcharin can 
be superimposed on the backbone of trichosanthin. The root- 
niean-square difference for aligned a-carbon positions between 
trichosanthin and trichoanguin was 0.520 A. whereas that be- 
tween a-momorcharin and trichosanthin was 0.502 A. However, 
positional differences between the individual side chain positions 
might be substantially larger, particularly for the less constrained 
residues on the molecular surface. A schematic ribbon drawing 
of the known structure of trichosanthin is show n in Figure 8. To 
facilitate the discussion of the modelling of trichoanguin in 
relation to this structure, the secondary structural elements are 
numbered as described previously [30]. The model contains eight 
a-helices and a six-stranded //-sheet with a left-handed twist 
similar to that found in trichosanthin. 

In Figure 8. trichoanguin was divided into two domains in 
accordance with the structural description of trichosanthin [30]. 
The main differences between trichoanguin and trichosanthin in 
domain 1 are located in the middle portion and in the loops 
connecting the secondary structural elements. Internally, there 
are differences at two residues between the two: deletions of 
residues 89 and 98 of trichosanthin. The first deletion removes 
one residue from helix 2 in trichosanthin. Because this helix is 
located on the molecular surface, the deletion is easily accom- 
modated in trichoanguin. The second deletion shortens a surface 
loop connecting helix 2 and //-sheet 1.6 by the four-residue loop. 
It implies that this region might not be specifically crucial to the 
structure or function of trichoanguin. Trichoanguin has an 
insertion of one residue. Arg-202. in a loop connecting helix 7 
and //'-sheet 2.1. The antiparallel //-sheets (j>2. 1 and p'2.2) of 
trichoanguin in C-lerminal regions differ slightly from those in 
trichosanthin. The C-terminal part of trichoanguin is one residue 
shorter than that of trichosanthin and is predicted to be a 3 HI 
helix. 

Trichoanguin contains two free thiol groups: one. Cys-32. is 
located at the surface loop region: the other. Cys-155. located 
adjacent to the active site, seems to interfere with disulphide 
linkage formation. The four putative N-glycosylation sites Asn- 
51. Asn-65. Asn-201 and Asn-226 are located at the solvent- 
exposed surface or flexible loop in the modelled structure. 

It has been suggested that amino acid residues lining the active 
site cleft are generally conserved within the RIP family, which 
might be important for substrate binding and catalysis (Figure 
9). Eleven residues were found to be highly conserved in 
trichosanthin and trichoanguin: five of them, fyr-70. Tyr-109. 
Glu-158. Arg-161 and Trp-190. directly form the major cleft in 
the crvstal structure of trichosanthin. whereas the others, in- 
cluding Val-69. Ile-71. Phe-83. Asp-85. Gly-107 and Ile-153. are 
also located at the active-site cleft and are highly conserved 
between various RIPs. 

DISCUSSION 

In the present study it was found that the 19 residues at the N- 
terminal extension and the extra 30 residues at the C-terminal 
end of trichoanguin are remov ed post-translationally to yield the 
mature form. The 19-residue leader segment is a secretory signal 
sequence containing a higher content of hydrophobic amino 
acids, which is expected to direct transport of the nascent poly- 
peptide chain across the endoplasmic reticulum membrane into 
the endoplasmic reticulum lumen [41]. Similar post-translational 



processing mechanisms of a C-terminal extension for these 
RIPs were recently observed for the precursors of trichosanthin 
[42] and saporin-6 [43]. Four putative N-glycosylation sites. 
Asn-51. Asn-65. Asn-201 and Asn-226 (Figure 6). occur along 
the amino acid sequence of trichoanguin. In Ihe modelled 
structure, all of these are located on the exposed surface of 
trichoanguin and are thus expected to be glycosylated (Figure 7). 

It is noteworthy that modelling studies of these proteins have 
allowed us to visualize the prominent cleft, which has been 
suggested to comprise the active site of various RIPs 130]. The 
presence of conserved residues of similar amino acids around the 
proposed active-site cleft among trichoanguin. trichosanthin and 
a-momorcharin was clearly identified and confirmed. This 
similarity strengthens the notion that there could be a strong 
preserv ation of three-dimensional structure in these proteins w ith 
similar catalytic functions, with critical amino acid residues 
being conserv ed especially in the region of the active site. 

Figure 9 shows a close-up view of the active centres of 
trichoanguin and trichosanthin. The residues constituting the 
active site of trichosanthin (Tyr-70. Ty r- 111. Cilu-160. Arg-163 
and Trp-192) are fully conserved in trichoanguin. In tricho- 
santhin. the key active-site residues, including Cilu-160 and Arg- 
163. are directly involved in catalysis, whereas Tyr-70 and Tvr- 
1 1 1 have a crucial role in binding the rRNA loop. Trichoanguin 
possesses the same residues at its catalytic site and the rRNA 
loop-binding site. Most RIPs contain an acidic amino acid 
residue at position 85. which might provide a proton for 
protonaiing adenine. In trichosanthin. the N-7 atom of the 
adenine is protonated by Glu-85. which is replaced by Asp in 
trichoanguin and the abrin A-chain. 

Many immunoconjugates of RIPs and specific antibodies have 
been evaluated in vitro and /// riro as potential therapeutic agents 
for the treatment of cancer and autoimmune diseases. When 
trichosanthin was conjugated to a hepatoma-associated anti- 
body, the resultant innnunotoxin was 500-fold more cytotoxic 
than free trichosanthin and only one order of magnitude less 
cytotoxic than free ricin [44]. By linking monoclonal anti-Thy 1.1 
antibodies to PAP or ricin A-chain through a disulphide bond, 
both conjugates were shown to specilicallv inhibit protein syn- 
thesis of Thy 1 . 1 -positive target leukaemic cells [45]. Cross-linking 
of saporin to an anti-CD4 antibody leads to effective killing of 
CD4" cells [46]. Bryodin conjugated with anli-CT)40 antibody 
was show n to be potently cytotoxic against CD4()-expressing U- 
lineage non-Hodgkin's lymphoma and multiple myeloma cells 
[47]. Furthermore^! conjugate of PAP with the anti-CD4 antibody 
was found to be verv effective in inhibitinsi H1V-1 production 
[48]. 

From the above examples of immunotoxins applied to thera- 
peutic uses, an important consideration for iiumunoconjugate 
assembly is the nature of the linkage between antibody and RIP. 
A disulphide linkage is usually thought to be essential for 
maximal cytotoxicity. Most type I RIPs do not have any free 
cysteine residues, which necessitates the modification of both 
antibody and RIP w ith chemical agents to produce the disulphide 
bond. Fortunately, trichoanguin contains two cysteine residues, 
one of which is located at the surface loop and can directly form 
a disulphide bond with an activated antibody thiol group via a 
disulphide-exchange reaction. Therefore trichoanguin is a novel 
free-cystcinc-containing RIP. which might be ideal for the 
preparation of immunoconjugates with great potential as a 
chemotherapeutic agent for the treatment of various cancers or 
AIDS. 

We thank Professor S.-H. Chiou (Institute ot Biochemical Sciences, National Taiwan 
University. Taipei, Taiwan) for critical reading and comments on the manuscript, this 
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We have expressed in Escherichia coli live isoforms of saporin. a 
single-chain ribosome-inactivating protein (RIP). Translation 
inhibition activities of the purified recombinant polypeptides in 
vitro were compared with those of recombinant diamhin 30. a 
less potent and closely related RIP. and of riein A chain. 
Dianthin 30. and a saporin isoform encoded by a cDNA from 
leaf tissue (SAP-C). both had about one order of magnitude 
lower activity in translation inhibition assays than all other 
isoforms of saporin tested. We recently demonstrated thai 
saporin extracted from seeds of Saponaria officinalis binds to y.2- 
macroglobulin receptor (a2MR: also termed low density 
lipoprotein-receptor-related-protein). indicating a general mech- 
anism of interaction of plant RIPs with the alMR system 
[Cavallaro. Nykjaer. Nielsen and Soria (1995) Eur. J. Biocliem. 



232. 165-171]. Here we report that SAP-C bound to iMR 
equally well as nati\e saporin. However, the same isoform had 
about ten times low ercv lotoxicity than the other saporin isoforms 
towards different cell lines. This indicates that the lower cell- 
killing ability of the SAP-C isoform is presumably due to its 
altered interaction w ith the protein synthesis machinery of target 
cells. Since saporin binding to the j2\] R is competed by heparin, 
we also tested in cell-killing experiments Chinese hamster ovary 
cell lines defective for expression of either heparan sulphates or 
proteoglycans. No differences were observ ed in cytotoxicity using 
native saporin or the recombinant isoforms. Therefore saporin 
binding to the cell surface should not be mediated by interaction 
with proteoglycans, as is the ease for other a2MR ligands. 



INTRODUCTION 

Plants synthesize toxic ribosome-inactivating proteins (RIPs). 
that are .Y-glvcosidases (EC 3.2.2.22) recognizing a specific 
adenine (A4324 in the rat) located in a universally conserved 
stem- loop region of 28 S ribosomal RNA. The most repre- 
sentative RIP is riein. which in addition to the catalytic A-chain 
subunit contains a B-chain that allows it to attach to and enter 
the cells. Conversely, single-chain or type I RIPs. like saporin. 
lack the B-chain [l].RIPsniight have great therapeutic potential 
as chimaeric toxins, obtained w ith either genetic [2] or biochem- 
ical manipulations, such as immunotoxins [3] or toxin conjugates 
[4.5]. Thus they are useful for treating cancer and autoimmune 
diseases and also against HIV infection [6]. By virtue of their 
antiviral properties, type I RIPs might also be used to improve 
defence mechanisms of transgenic plants of interest [7.8]. 

Saporin extracted and purified from seeds of Saponaria 
officinalis (SAP-S) was found initially to be heterogeneous at tw o 
amino acid positions, i.e. residues 48 (Asp or Glu) and 91 (Arg 
or Lys) ([9.10]: G. P. Nitti. unpublished work). This predicted 
the existence of at least four seed isoforms and. indeed, several 
different genomic clones were successively identified, confirming 
the existence of a multigene saporin family [1 1]. In addition, a 
leaf cDNA clone had been found to encode a saporin precursor, 
giving rise to a mature polypeptide of 253 amino acids that 
differed from SAP-S at 1 3 amino acid residues [1 2. 1 3]. In contrast 
with type II RIPs. type I RIPs are active not only against 



eukaryolie but also against prokaryolic ribosomal RNA |I4|. 
Initial attempts to express dianthin 30 [15]. as well as other ty pe 
I RIPs in Escherichia coli. did not involve tightly controlled 

Mirabilis antiv iral protein [ 1 6]. pokew eed antiv iral protein (PA P) 
[17] and saporin [II]. Thus presumably type I RIPs are all toxic 
to /:'. coli ribosomes to various extents, whereas type 11 RIPs are 
not [14]. In addition, all RIPs display different specificities for 
ribosomes from different sources |1[. Indeed. RIPs must first 

recognize and then depurinate target rRN A. Therefore steps 
towards elucidating structure function relationships among tv pe 
I and tvpe II RIPs would be highly desirable in order to engineer 
highly selective cv totoxms. 



EXPERIMENTAL 

Plasmids, strains and DNA manipulations 

BL 21 (DE3) pLvsS (Novagen) strain was used for expression of 
recombinant proteins. The pFT-lld plasmid (Novagen) was 
used in all the constructs. A sinsle \co\ site (CCATGA ("provides 
the translational starting cotton. A SacW EcoR\ framncnl from 
sequence 3 DNA [1 1] was ligated to pi I ! \i DNA digested w ith 
EcoRl and Ace-I in the presence of a linker-adapter containing 
Xcol -Swell sites. The pET-1 Id SAP-3 construct was sub- 
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scqucntlv engineered bv substituting the original BaniHl EroRI 
fragment with 690 bp purified BamHl-EcoRl genomic Irasinents 
Irom sequences 1. 4 and 6 iienomic clones. This Yielded pET- 
lld SAP-1. pET-lld SAP-4" and pET- 1 Id- SAP-6 respectivelv. 
With sequence 6. an Sspl restriction site allowed selection of 
recombinant clones. An A col restriction site could be used 
instead to select recombinants lor the other saponn clones, since 
sequence 3 lacks this site. The saponn-eodmg leaf cDNA [12] 
was mutated to introduce a stop codon before the encoded 
C-termmal propeptide [13]. The resulting construct. pET-lld- 
SAP-C. was then fullv sequenced to confirm that no changes 
were introduced during the amplification step. DNA sequencing 
was performed using" the Pharmacia (Uppsala. Sweden) T7 
sequencing kit. Oligonucleotides were synthesized with a 3S0B 
automatic DNA synthesizer (Applied Biosvsicms). 



Expression and purification of recombinant saponn isoforms 

Induction ol expression ol the toxic genes was essentially 
iollowmg manufacturers instructions (Novagen). A single-step 
purification by ion-exchange chromatography was perlormed. 
loading soluble Iractions ol protein onto a Mono S» HR 5 5 
FPLC" column as described [18]. Total E. coli extracts and 
tractions Irom column chromatography purifications were loaded 
onto 12.5 ,, and Lv„ (vv,v) polvacrvlamide eels respectively. 
For Western blot analysis, proteins transferred onto nitro- 
cellulose were probed with a rabbit anti-saponn antiserum at a 
1 : 1000 dilution, and detected w ith goal anti-rabbit-horseradish 
peroxidase-eoniugate antiserum [11]. Polyclonal rabbit anti- 

D. A. Lappi. Advanced Taraetmg Sy stems. San Dieao. CA. 
U.S.A. 

Protein content m the peak Iractions Irom ion-exchange 
chromatography purifications was determined with the Bio-Rad 
Protein Assay. Bovine serum albumin (Bio-Rad) and native 
saponn were utilized as standards. 



Reversed-phase HPLC (RP-HPLC) and electrospray mass analysis 

Native seed-extracted saponn. and all the recombinant isoforms 
were subiected to RP-HPLC on a Hewlett Packard 1090M 
apparatus (Wilmington. DE. U.S.A.) using a 1 x 250 mm. 218 
TD CIS Vvdac column (The Separation Group. Hespena. CA. 
U.S.A.). Mobile phases A and B were respectivelv 0.1",. tri- 
fiuoroacelie acid (TFA) in Milli-Q grade water and 0.078 ",, TFA 
in acetonilrile. Ehilions were carried out with a linear gradient ol 
buffer B Irom 2>"„ to 79 ' „ in 2> mm at a flow rate ol 
0.08? ml, mm. Separations were performed at M) "C and elulion 
profiles were monitored with a Hewlett Packard 1040A Diode 
array detector at the wavelength of 215 nm. 

On-line RP-HPLC /electrospray mass spectrometry was per- 
formed with samples of SAP-S. SAP-6 and SAP-C (a saponn 
isolorm encoded bv a cDNA from leaf tissue) on a Hewlett 
Packard 5989S MS-Engine single quadrupole instrument 
equipped w ith a Hewlett Packard 59987A electrospray interlace. 
Filiates from the RP-HPLC were directly injected into ihe ion 
source of the mass spectrometer. The electrospray potential w as 
approx. 6 kV . The quadrupole mass analyser was set to scan oy er 
a mass-lo-eharge ratio (nil:) from 1000 to 1700. at 2 s per scan 
lor a total time ol 10 12 s. The sum ol data acquired over this 
time constituted the final spectrum. Molecular masses were 
calculated Irom several muluplv-charsed ions wiihin coherent 
series. Mass calibrations were performed with horse skeletal 
muscle myoglobin (Sigma). 



N-termmal sequence analysis 

For protein sequence analysis, samples of SAP-3. SAP-4 and 
SAP-C after SDS/PAGE w ere elect rob lotted onto polvv inv lidenc 
dilluonde membranes ( Fluorotrans) at 300 mA for 4> mm usimi 
10 itiM 3-(c\clohexvlamino)-l-propanesulphonicacid(pll I 1 ) in 
10"., (v/v) methanol as transfer buffer. The membrane was 
stained lor I mm in Coomassie Blue R2.M), methanol acetic acid 
(1:400: 100. bv vol.) and destained in 50"., methanol lor 5 mm. 
Bands were excised Irom the membrane and arranged m the 
cartridge block of the sequencer. Automated Ldman degradation 
was perlormed on a pulsed-liquid-pfiase Sequencer, model 477 
(Applied Biosv stems) equipped w ith a Mod. 120 A 1 1 PLC 
instrument lor detection ol phenv llluoliv danlom ammo acids. 



Biological assays of ribosome-inhibitmg activities 

Serial log dilutions rangnm Irom 40 nM to 0.4 pM final con- 
centration ol each isolorm in phosphale-bullered saline (PBS) 
were assayed in duplicate, dispensiim 2 n\ ol each dilution in 
Eppendorl tubes on ice. A reaction mixture conlainim: 2.> //C i ol 
tritiated leucine (I -[4.5- : TI]leucine. 45 85 Ci/mmol. Amcrsham 
International). 250 ng of brome mosaic virus RNA and 0.053 mM 

Nuclease-treated rabbit reticulocyte Ivsale (10/d: Prom'eua. 
Madison. Wl. U.S.A.) thawed on ice was added to the assay 
lubes. Samples ol 1> n\ final volume were incubated at 30 C tor 
60 mm. The SAP-C dilutions tested range from 700 nM to 7 pM 
final concentration. Al the end ol incubations, samples were 
chilled on ice. brought to 0.1 nig nil final concenlration ot 
nbonuclease A ihen limber incubated al 25 C lor 20 mm. lo 

protein, spots were made in triplicate oikIMM Whatman filler 
paper cul into small pieces. The fillers were washed lour limes. 
10 mm each with 5",, ice-cold trichloroacetic acid (TCA : 
5 ml, filter), then boiled for 1 min in 5"„ TCA and washed with 
ice-cold 95 C elhanol twice. Filters were dried at (.5 C for 
30 mm and then radioactivity was measured bv liquid scintillation 
counting. Recombinant dianthin-50 mature polypeptide was also 
assayed lor comparison, as well as recombinant ricm A chain 
(kindlv supplied bv J. Michael Lord. University of Warwick. 
U.K.). The concentration inhibiting translation by 50",, (IC- , ) 
was 200 p.M for recombinant ncin A chain when tested in these 
assays. The program MacALLITT was used lo process and 
evaluate the data from SAP-C. SAP-3 SAP-4 and SAPS 
inhibition assays. Saponn RIP activities were also tested in 
rabbit reticulocyte lvsales measuring inhibition ol lucilerasc 
mRNA translation. Li»ht emission of translated lucilerasc was 
measured in a Berthold LB Lumal luminomcler. Inhibition of 
translation was reported as a decrease ol Imht emission, i.e. as a 
percentage ot control lucilerasc translated in the absence ol 
saponn. which corresponds to 100",, ol Imlil emitted. Negative 
translation controls in the presence ol the same concentrations ol 

were identical with the control (results not shown). I lie IC ... ol 
SAP-C was 125 pM whereas that of recombinant ncin A chain 
was 80 pM in these assavs. 



Cytotoxicity experiments 

At least two independent cell-killing experiments were perlormed 
using each of the following cell fines: murine I.B6. treated as 
described in [>]. the human permanent cell line LA.hv 926. 
obtained bv tusmg human umbilical vein endothelial cells with 
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the tumour cell line A549 [19] and treated as in [20]. Three 
Chinese hamster ovarv (CHO) cell lines: CHO-K1. the parental 
control cell line, and the two dcrecti\e cell lines CHO-745 [21] 
proteoclvcan-deheieiit. and CHO-677 [22] heparan sulphate- 
dchcicnl were kindK provided bv J Esko Unnasitv ol C th 
forma. La Jolla. CA. U.S.A. All three CHO cell lines were 
cultured in Hani's F 1 2 medium (ICN. Costa Mesa. CA. U.S.A.) 
supplemented with 7.?",, total bovine serum. 100 uniis/ml peni- 
cillin. 0. 1 mc/ml streptomvein sulphate and plated at a density ot 
3.75 x 10' cells per ml in 80 /,1,'well. Briefly, cells were plated on 
.clilm coitcd 96 well phtcs (Costar CimbiicUe MA USA) 
16 IS h before the experiments, and treated tor either 24 h (LB6) 
or 48 h (CHO and EA.hy 926) in the absence or m the presence 
ol serial los dilutions (ranging Irom 1 nM to 1000 nM Imal in 
100 //I / well) ol either native saporm or the recombinant isolorms 
SAP-3 and SAP-C. Each point was tested in quadruplicate. 
At the end ol the incubations m the presence ol toxins, cells 
were washed with PBS then pulse-labelled for 2 to 4 h with 
L-[4.5- ;; H]leucme (45-85 Ci/mmol. Amersham International) at 
()."< nC\ . w oil. Total incorporation ot radioactiv ity into protein 
was measured bv harvesting cells on glass fibre tillers and liquid 
scintillation countins. O totoxicity was calculated measurins the 
ID..,,,. 



RESULTS 

Construction and selection of clones coding for mature saporm 
isoforms 

Fieure 1 is a schematic representation ot the slraleu\ used to 
subclone the sequences codine lor the mature polypeptides ol 
the different saporm isolorms in the phT-1 Id expression \ector. 
The isoiorm encoded bv the sequence .i sienomic clone [II]. 
codma for the isoform termed S.AP-3. was previously expressed 
in E. coli fused to a bacterial sisnal sequence. Almost all the 
recombinant saporm w as expressed liitracellulaiiv in an insoluble 
lorm. although some was exported to the periplasms space. N- 
(ermmal sequencing ol punlied osmotic shock extracts indicated 
that part ol the plant-encoded smnal peptide was still present in 
the recombinant product. \ et the RIP actn itv ol the recombinant 
saporin was 20 pM. almost identical with that of SAP-S [II]. 
Therefore the DNA of the ceiionnc clone sequence 3 w as digested 
with .S7«II and EcoR\ to remove the encoded leader peptide of 
saporin. Purified DNA was Imalcd to A Vol //:< oRI-cul pFT-l Id 
DNA in the presence of a specific adapter bcanmi A< <>\ and 
ScicU sites and restoring the missine codiiia sequence of mature 
SAP-3. Since all the differences m ammo acid residues present 



Binding of 125 l-labelled a2-macroglobm receptor (a2MR) to 
immobilized saporin 

Wells ol microtitre plates (Polvsorp. Nunc. Denmark) were 
coated with lug (100 //l ol 10 //a 'ml) of either native or 
recombinant saporin isoforms in 50niM NaHCO.. pH 9.6. for 
2h to provide about SO n« (2.7 pmol) ol immobilized 
saporm/well. After blocking with binding buffer (lOmM 
Hepes, 140 mM NaCl/2 mM CaCl. 1 mM MgCI... pH 7.8) con- 
taining 2"., Tween-20 lor 2 h at 20 r C. microtitre wells were 
washed three times and incubated with 10 pM '-"l-labelled 
a2MR in binding buffer containing 0.2",, BSA tor 16 h at 4 X. 
Following a wash with binding buffer, bound radioactivity was 
elutcd in~10" . SDS and counted in a Packard (Menden. CT. 
U.S.A.) gamma-counter. In the absence ot immobilized saporin. 
binding of ' J 1-hibellcd a2MR (blank value) amounted to less 
than 0.2"... All values have been corrected accordingly. For 
competition issivs ' I libelled y2MR (10 p\l) was added to 
the wells in the presence of either 400 nM receptor-associated 
protein (a2MRAP) or 800 nM lipoprotein lipase (LpL. Sigma L- 
2254). which was dialvsed overnight against binding buffer. 



Multiple alignments, prediction of saporin secondary structure and 
three-dimensional (3D) structure comparisons 

The sequences of saporin. triehosanthin. PAP. momorcharin and 
ricin used for our alignments were obtained from release 29 of 
the Swissprot sequence database. Multiple alignments were 
performed using the program P1LEUP of the WISCONSI N 
package, version 8.0. based on the progressive alignment method 
[23] followed by manual adjustment. Co-ordinates of PAP (code 
1PAG). a-momorcharin (IAHB) and ricin A chain (lrtc) were 
obtained from the Brookhaven structure data bank [24]. The 
superposition of the know n 3D structures w as performed w ithin 
the QUANTA (Molecular Simulations) molecular modelling 
package using a least-squares fitting algorithm [25]. For the 
secondary structure prediction of saporin. the method PHD [26] 
was used. The overall three-state accuracy was improved bv up 
to 72",, [26]. 




Figure 1 Schematic representation ol the saporin-coding region and 
details ol the pET-11d expression constructs 
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LQMGLLMYLGKPK 253 



Figure 2 Protein sequence 



of the saporm isoforms expressed in E. coll 



amone the other encoded isotorms are contained within a DNA 
stretch between two unique restriction sites. BamHl and EcoRl. 
pET-1 ld-SAP-3 was used to obtain all subsequent constructs, 
substitutma the original BamHl-EcoRl fragment with those 
encodme the other isotorms (tor details, see Experimental 
section). Thus onlv the ATG start cod on is present before the 
sequence coding tor the various mature saporm isotorms. 

Expression and purification of saporm isoforms 

In Fmtire 2 the aligned ammo acid sequences ot the recombinant 
mature saponns are shown. We have expressed the mature 
saporm polvpeptides. termed SAP-1 and SAP-3 lollowinti the 
numbering ol the respective tienomic coding sequences [11]. as 
well as the isotorm termed SAP-6. as three representatives ol 
seed-tvpe isotorms. SAP-1 has one ot the tour possible seed-tvpc 
amino acid patterns at residues 48 and 91 : however, instead ot 
having Phe IJ ". which is present in the two other seed-tvpe 
isotorms. it has Ser ,J ". like the SAP-C isotorm (Fieurc 2). In 
iddilion SAP 6 his lie J msteidot\tl which is piesent in ill 
the other isotorms; however, we cannot exclude the possibihlv 
that this variant mmhl be an artifact due to the DNA amplifi- 
cation step. We also expressed a polypeptide closely resembling 
SAP-C. herein referred to as SAP-4. encoded bv DNA sequence 
4 [1 1], Thus SAP-C and SAP-4 differ from all the other saporm 
isoforms onlv m a lew residues, mamlv located in a region ol 



saporm close to the adcin lale-bindma sue [I 1.27|. I he protein 
sequence ol dianthin M) is also shown lor comparison. When 
dianthin _i(J was expressed in A. call with the same host vector 
svslem that we used here, the IC... observed in cell-free inhibition 
assays was the same as that ol native dianthin. i.e. about .s()0 pM 
[18]. SAP-C diners from SAP-4 in four residues ( Figure 2). two 
ol them beinu shared only with dianthin A), i.e. Gin 1 "' and 
Asp-. 

Tishtlv controlled conditions are required lor ellicient ex- 
pression ot the saporm and dianthin A) nenes in /:. coh. since 
these recombinant RIPs are quite toxic to the bacterial host [14]. 
Non-induced or induced bacteria were Ivsed. sonicated and cell 
lvsates were ultracentnl u«ed as described |1S[: soluble and 
insoluble protein fractions were then analysed bv SDSPAGE. 
followed bv immunoblot analysis usinsi rabbit anli-saporin 

observed bet ore induction ot 17 RNA polymerase. Alter in- 
duction, bacteria expressina the SAP-C isotorm were "rowing at 

such that hmher protein viclds would be obtained both in the 
soluble and in the insoluble fractions. Melds of soluble re- 
combinant seed-lvpe saporm isotorms were between I and 
.1 mt! litre ol culture, similar to those ot recombinant PAP 
expressed using the same host vector system described here [I7|. 
However, yields were lower than those of the SAP-C isolorm and 
ol recombinant mature dianthin (up to l() ma, litre ol culture 
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e 1 HPLC-separated peak fractions ol recombinant isolorms 



Jb \ Jb <b > p O 



Figure 4 SDS/PAGE analysis ol the recombinant, purilied saporin isolorms 



Figure 3 Ion-exchange chromatography purification of a saporin isolorm 



[18]). suggesting that the latter RIPs possessed lower E. coli host 
toxicity (results not shown). 

In all the extracts analvsed. the soluble traction contained the 
vast majority (90",,) ol recombinant protein, and was therefore 
used lor purifying the ditlercnt isofoniis. A single-step purifica- 
tion was performed by ion-exchange I1PLC. exploiting the high 
isoelectric point of saporin. All the isoforms cluted as sinale 
peaks around 1 10 mM NaCl. as did recombinant, maturedianthin 
j() purified using the same procedure [181. They also had similar 
retention times "(Table I), ranging from 8.63 min for SAP-4 to 
10.20 mm for SAP-C. whose elution profile is shown in Figure 3. 
The peak fractions from ion-exchange chromatography were 
analysed by SDS/PAGE followed bv Coomassie Blue staining 
(Figure 4). The recombinant proteins had the expected relative 
molecular mass (.1/ ) of approx. 29000 as SAP-S. The three 
recombinant seed-type isoforms SAP- 1 . SAP- 3 and SAP-6 behave 



lectropho 



c patterns most resembling that 
combinant. native saporin extracted and punhed from 
seeds (SAP-S). The presence of a diffuse band, almost appearing 
as two bands with a smear between them, was alwavs observed 
with SAP-S. and was suggested lo be an artifact due to the 

Conversclv P both SAP-C and SAP-4 isoforms mis/rated as a 
sharper band with slightly lower electrophorctic mobility ( f-imire 
4). However, their theoretical pis cannot account lor their 
different mobilities. By increasing the amount of SAP-C loaded 
onto the gels, a faint faster-migrating band can also be detected 
(Figure 4. asterisk). Interestingly, it has been reported that leaf- 
extracted saporins show on SDS/PAGL an M higher than the 
seed-e.xtracted protein by approx. 1500 2000 [29]. 

Biochemical characterization of recombinant saporin isoforms 

To assess the purity of the peaks Irom our ion-exchange 
chromatosraphv purifications, the recombinant isolorms were 
also subjected to RP-HPLC. A snide peak was cluted in each 
case, as shown lor SAP-C (Figure 5. lop). Retention limes 
obtained with each recombinant isolorm are summarized in 



addition, the 



.1/ 
f SAP-< 



mass spectrum of SAP-S was . 
when directly injected in the 10 
SAP-S is known to be heteroge 
was performed with SAP-S p 
purification. Figure 3 (bottom) shows 
eluted bv RP-HPLC. having retention tn 
21.(o min. The two main peaks account 

were resolved to three value! of M 28 
Peak B yielded a single value of M 28x57 
performed with the recombinant isolori 
coupling RP-HPLC separation to elect 
male RP-HPLC peak of SAP-C waz 



Hid SAP-6 isoforms. I or coni- 

ilred on the value of \1 28 560 
ation chamber. However, since 

iouslv subjected to RP-HPLC 



s ?02 



The 
\ alues 

and i4 ,, of the total. A similar > 
SAP-6. The RP-HPLC peak was re 
of 2Si74 ind 2871 1 icpicsciiting ic 
the total. Therefore, in the case of tl 
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Table 3 Binding of SAP-C to the *2MR 



:orrcsponding to 100",, of polypeptide still bearing the 
or Met. Thedectrophoretic pattern shows, however! two 
ting bands as observed with the native seed-extracted 

isororms SAP-3. SAP-4 and SAP-C were further charac- 
i by N-terminal sequencing. After PVDF-blotting either 
leared band of SAP-3 or those corresponding to SAP-4 and 



viated Edman dt 
18 % for SAP-3 



.in of the purified polypeptides. Th 
i"„ and 40",, for both SAP-4 an. 



SSFS 

Figure 5 RP-HPLC analysis of SAP-S 



Table 2 Comparison b 



d SAP-C RIP activities 



presence ot two mass spectra should be solelv related to e 
the presence or the absence ot an N-terminal methionine, 
accuraev of mass determinations was 99.9" (Table 1). 

The RP-HPLC coupled to electrosprav mass analvsi 
recombinant sced-tvpe isolorm SAP-1 (which correspond u 
same batch ot preparation ot the protein loaded onto 
SDS PAGE) revealed the presence of a single mass of 28 



Ribosome-inactivating activity of recombinant saporin isoforms 

some-inhibitiniz capabilities ol the natural an 



I" the 



translation system (Experiment 
these RIPs m serial los dilutions. The saporin isoforms SAP- 1. 
SAP-6. SAP-4 and SAP-3 all had IC. \ allies of approx. 
10 20 pM. like that of SAP-S. as previously observed [II]. In 
contrast. SAP-C showed an 1C... of 175 pM in the ramie of 
activity ot the less potent RIP dianthin 30. Proeessin" these data 
using a statistical program. MacALLFIT. yielded the IC. s for 
SAP-3. SAP-C and SAP-S shown in Table 2. 

We next compared the c\ totoxicitv ol the recombinant proteins 
in cell-kilhmi experiments, testnm LB6 murine cells and the 
human hvbrid permanent cell line EA.hv 926. In two independent 
experiments. SAP-3 was equally cytotoxic with SAP-S on both 
1.B6 [5] and EA.hy 926 [20] cells, whereas SAP-C had lower 
cytotoxicity (approx. 10-fold less than that of SAP-3) with both 
LB6 and EA.hv 926 (Table 2) cells. 

events startimz from cell-surface toxin bind inn to the iin'al step, 
takine place in the cvtosol. of ribosome depurination. Most of 
these studies have been earned out on the internalization pathway 
of the ncin holotoxin [30]. We previously demonstrated that 



sipoi 



•rally belii 
;eptor. the 
eeptor bear: 



nto the cells 
.ed. but is i 
2MR [31]. ; 
m multiple 
hase bindm 



neehai 



2MR is ; 
null n.. s 
cxperm 
S \P 



tes [ 



ional e 



a2MR. comparing 
d SAP-C isoforms. In this 
assay. SAP-3 was able to bind to a2MR as efficiently as SAP-S 
(A. Nvkiaer. unpublished work). In addition. SAP-C also bound 
equally well to a2MR (Tabic 3). Bindinc could be inhibited bv 
EDTA. heparin and both the competitors I. pi. and RAP. as 
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previously shown lor SAP-S [31]. This confirms the specificity ol 
a2MR binding (Table 3). 

Finally, since heparin competed with the binding of saponn 
isolorms to a2MR. we compared the cytotoxicities of SAP-S. 
SAP-3 and SAP-C in CHO cell lines defective in proteoglycan 
biosMithesis [22] \U tested mutint 74^ which lacks one ol the 
first acting enzvmes. xvlosvltranslerase; therefore, assembly ot 
both heparan sulphate and chondroitin sulphate does not take 
place. This mutant has less than 13",, proteoglycans compared 
with wild-tvpe CHO cells. Conversely, mutant 677 is defective 
speeiheallv in heparan sulphate biosynthesis but makes about 
three times as much chondroitin sulphate as the wild-tvpe cell 
line. \\ hen we tested either SAP-S or the recombinant isolorms 
on these CHO cell lines, no differences could be observed in 
specific cvtotoxicv between wild-tvpe and mutant CHO cells 
(Table 2). 



OISCUSSION 



cxpiess sevel ll RIP lsoloims 
eason-dependeiu lashion [1.3 



i a tissue-dependent [33.34] 
. but the reason for such 
his might represent a plant 
delence mechanism. Indeed, depurtnation ot tobacco nbosomes 
catalysed bv several RIPs correlates, for instance, with their 
antiviral activity m the infected plants [8]. Moreover, nbosomes 
trom several species of dicotyledonous plants are sensitive to 
their own RIP. including PAP [36]. dianthm 32 [37] and saponn 
[2]- 

In this studv we have expressed several saponn isotorms m 
E. coli and compared their RIP activities, as a first step to 
determining whether amino acid v ariations present among them 
could reflect different specificities or catalytic properties. Three 
seed tvpe (SAP 1 SAP SAP 6) is well is two closely rchtcd 
isotorms termed SAP-C and SAP-4 were selected lor expression. 

Alter purification ol the recombinant isolorms. we observed 
that sced-tv pe isotorms migrated on SDS PAGE with a pattern 
similar to that of native saponn. whereas SAP-C and SAP-4 
showed a different electrophoretic behaviour. However, bv RP- 
HPLC onlv one single peak was eluted on loading each ol the 
recombinant lsoforms. w hile SAP-S was confirmed\o be hetero- 
geneous. Although the electrophoretic mobility ot SAP-C is 
altered, accurate mass analvsis showed that SAP-C has an 



.1/ cor 
the het 



s thee 



■. Ther 



c the 



n the electrophoretic mobilities ot our saponn 
isolorms remains unclear. Similarly- aberrant electrophoretic 
mobilities hid been o^eived previously e r i deeieise in 
mobility alter removal ol a protein s signal peptide [38]. Also, the 
relative mobility ol a mutant &-protein was affected bv a single 
ammo acid change [39], 

The specific inhibitory activity ot the saponn isotorms was 
compared with that ot seed-extracted saponn and ot recombinant 
dianthm .•>(). Onlv the recombinant highly expressed leal isolorm. 
SAP-C. showed similar potency to dianthm M. whereas all the 
other leeombm Hit lsotoimshid simil u RIP letivitv to the seed 
extracted saponn. Saponn isotorms extracted Irom leaves ot .S. 
officinalis showed almost one order of magnitude lower inhibitory 
activity m rabbit reticulocyte K sates, when compared with seed 
isotorms extracted trom the same plants [34]. However, onlv the 
N-terniinal sequences ot these isotorms were determined and 



» IT he m 



Hatches tin 

work [34]. 

peptide had v irtually no depurmatin 
and Are.-' are inv ariant residues, pre: 
as well, which are thought to play a 



icking the first 



oforn 



csidues ot the mature 
tv [40]. Indeed. Tvr 1 " 
saponn and dianthm 
I role in stabilizing a 



Figure 6 Superposition of C* traces 



helix bend, allowing the two catalytic residues Glu 1 " and A 
ot'ricm to interact [41]. Also, it was demonstrated that aror. 
and charged residues in the first a-hclix ol riein A chain, a 

extractive saponn at Tvr residues results in protein aggrcg; 
and. presumably, in an inactive RIP (U. Cavallaro. unpubli 
work i. Thus argmine and tyrosine residues at the Vlem 



:ombii 



SAP-< 



d that 



initiator methionine should not alleet the catalytic RIP activity 
ol either recombinant saponn isolorm and might simplv relleet a 
low efficiency in its remov al bv the /;. coli meiluonv l-amino- 
peptidase. Mis-folding of the SAP-C isolorm was ruled out 
because SAP-C was expressed at high level m soluble form and 
vv is leslstlllt to piote ise del id ItlOll 10 the s line extent Is S \P 

S(M. S.Fabbnni. unpublished work). Far-LV circular diehroism 
(CD) analy sis showed that the CO spectra of SAP-4 and SAP-C 
were almost indistinguishable and accounted lor an a 1 //-type 
architecture, as lound m riein A chain (G. Fossali. unpublished 
work). 

Riein A-chain and crystallized tvpe I RIPs share the same 
overall In-dimensional lolding pattern, despite sharing only 
about 30"., sequence similarity [43]. However, all residues m the 



tvpe 2 RIPs (Fn 



. flier 



I Ihes 



di istie loss ot u 
RIP abrin [44], 

To identify n 
binding, we alls 
spondinc X-rav- 
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dicuon ol ihe secondary struct 
obtained bv multiple alignment using the nci 
PUD. Structurally conserved regions amoi 
to regions ol hi ch local amino acid simil 
structural differences between PAP and 



r thei 



differi 



Mo I 



cular 



cd-tvpe saporm was 
ork svstem 
tthe RIPs correspond 
,U Howler nnjor 
icni A chnn do not 
[45]. 



residues 



■ pote 



) the aden 



itial distribution, calculated 
e-bnidina site, mapped 



the 



a that ther 



nblc 



between ricm. PAP and dianthin M). This could account lor the 
differences in nbosome specificity exhibited bv these RIPs [46]. 
Thus exposed residues at putative RNA-bindma domains miaht 
be likelv candidates responsible lor the heterogeneity obsened 
between RIP activities. 

Proteins binding RNA contain one or more copies of a 
putative RNA-bindmg domain consisting ol two nbonucleo- 
protein (RNP) consensus motils: a hydrophobic hexapeptide 
stretch. RNP-2. and an octapeptide motif. RNP-1 [47]. A RNP- 
likc structural motif was identified in ricin A chain [42] that 
shows similarity to the recently solved .<D structure of the RNP 
motil ol LIA sphceosomal protein [4S]. This motil overlaps with 
a RNP domain tentatively identified in the RIPs we examined, 
lncfudma a putative hydrophobic RNP-2 found in the core //- 
sheet that contains the active-site residue T\r"" involved in 
sandwiching together with Tvr 1 - the lormvcin monophosphate 
analogue at the adem late-bindina site. Within this RNP-2 like 
motif the first three positions are conserved anions saporm and 
other RNA-bindma proteins [49], Conserved residues in the 
RNP-1- and RNP-2-hke motifs nusht be critical for the RIP's 
association with rRNA. whereas exposed residues m the most 
variable reaions. especially in unstructured loops, mav account 
tor differences in specificity. From our putative model ol saporin 
structure, we predict that Lvs 1 - 1 of the saporin sequence (which 
is substituted bv Gln m m SAP-C and dianthinoO) is located at 
a conserved surlace loop lound m the putative RNA-bindina 
domain (Fiaure 6). Therefore we postulate that the difference in 
SAP-C activity might be due to impaired RIP-nbosome in- 

To test this hypothesis. SAP-C was assaved in cytotoxic 
experiments. II steps from receptor binding and internalization 
to retrograde transport alona the endomembrane system, to 
toxin translocation to the cvtoplasm. were as efficient for SAP- 
C as tor native saporin and only nbosome recoamtion was 
impaired, we would expect to observe a similar difference in 
potency between SAP-C and the seed-tvpe lsolorms. as found in 
the cell-free inhibition assavs. Indeed. SAP-C was about ten-fold 
less cytotoxic irrespective of the cell line tested. Since SAP-C was 
able to bind efheientlv to the putative receptor mediating saporin 
internalization, our data cleaiiv support this hypothesis. Con- 
versely the polymorphism of saporm seed-tvpe isolorms. m- 
\ol\ms iesidues u positions 4S ind 91 tint «L ilso locited m 



. pres 



affect substi 



C substitutions 
structures. Althc 
contributed to tl 



reticulocyte lvsates. The three 
:ompared with SAP-4 are lound 



SAP- 
-helix 

ossibihtv that thev 
inhibiting activity. 
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Many plants produce ribosome inactivating proteins (RIP) which II. The amino acid sequence of momordin II, after likely leader 

are potent inhibitors of eukaryotic protein synthesis. RIPs processing, is homologous with trichosanthin (57%) and 

hydrolytically cleave the N-glycosidic bond of a specific adenine momordin I (51 %). The C-terminal 19 amino acids of some RIPs 

in a highly conserved region of the 28s rRNA. Plants of the genus such as trichosanthin is processed, and by analogy processing 

Momordica produce a number of related Type I ribosome may occur for both momordin I and II. 
inactivating proteins known as momordins or momorcharins. The 
gene encoding one member of this family, momordin I, has 

previously been cloned (1), and the N-terrninal protein sequence REFERENCES 

of three Momordica RIPs have been described (2-3). , Ho.w.k.k, Liu.s.c, Shaw.p.c, Yeung.H.w , Ng.T B. and chan.w.Y. 

Momordins are homologous to other plant RIPS, including the (1991) Biochem. Biophys. Acta 1088, 31 1 -314. 

trichosanthins, a multigene family of RIPs produced by the related 2. u,s.s.-l. (1986) Expenemia 36, 524 - 527. 

plant Trichosanthis kirilowii (4-5). Trichosanthin is an 3 - Bolognesi.A., Barbieri.L., Camicelli.D., Abbondanza.A., Cenini.p., 

abortifacient agent and is also capable of inhibiting the growth jS^W ''" D[M ' ^ ™ 

of Viruses SUCh as HIV (6). 4 chow.T.P, Feldman.R.A., Lovett.M. and Piatak.M.J. (1990) Biol. Chem. 

We have cloned momordin II from a cDNA library constructed 265, 8670 - 8674. 

from the mRNA of M.balsamina seeds (EMBL Accession 5. Shaw,p.-C.. Yung,M.-H.,Zhu.R.H., Ho,w.K.-K..Ng,T.-B. andYeung.H.- 
number Z12175). The predicted amino acid sequence reveals a , wJ 19 ? 1 ', c^o 97, 2 t 7 w 27 ^ ;„ „c C r- , , ™ o 

. . . . T . r ii jl 6. MeGnUh.M.S , Hwang.K.M , Caldwell.S.E , Gaston.I , Luk,K.-C , Wu,P., 

putative 23 amino acid leader sequence Mowed by a 263 amino Ng.v.L., Crowe.S., Damels.J., Marsh.J., Deinhart.T.. Lekas.P.v.. 

acid protein. The first 27 amino acids Of the putative mature Vennari.J.C, Yeung,H.-W. and Lifson.J.D. (1989) Proc. Nail. Acad. Sci. 

protein match the determined amino acid sequence of momordin USA 86, 2844 - 2848. 

-23 +1 
Momordin II MVKCLLLSFLIIAIFIGVPTAKG DVNFDLSTATAKTYTKFIEDFRATLPFSHKVYDIPLLYSTIS 

Momordin I MSRFSVLSFLILAIFLGGSIVKG DVSFRLSGADPRSYGMFIKDLRNALPFREKVYNIPLLLPSVS 

Trichosanthin MIRFLVLSLLILTLFLTTPAVEG DVSFRLSGATSSSYGWISNLRKALPNERKLYDIPLLRSSLP 



DSRRFILLDLTSYAYETISVAIDVTNVYWAYRTRDVSYFFKESPPE-AYNILFKGT-RXITLPYT 
GAGRYLLMHLFNYDGKTITVAVDVTNVYIMGYLADTTSYFFNEPAAELASQYVFRDARfUCITLPYS 
GSQRYALIHLTNYADETISVAIDVTNVYIMGYRAGDTSYFFNEASATEAAKYVFKDAMRKVTLPYS 



GNYENLQTAAHKIRENIDLGLPALSSAITTLFYYNAQSAPSALLVLIQTTAEAARFKYIERHVAKY 
GNYERLQIAAGKPREKIPIGLPALDSAISTLLHYDSTAAAGALLVLIQTTAEAARFKYIEQQIQER 
GKYERLQTAAGKIRENIPLGLPALDSAITTLFYYNANSAASALMVLIQSTSEAARYKFIEQQIGKR 



VATNFKPNLAIISLEKQWSALSKQIFLAQNCjGGKFRNPVDLIKPTGERFQVTNVDSDWKGNIKLL 
AYRDEVPSLATISLEKSWSGLSKQIQLAQGNNGIFRTPIVLVDNKGNRVQITNVTSKWTSNIQLL 
VDKTFLPSLAIISLENSWSALSKQIQIASTNNGQFESPWLINAQNQRVTITNVDAGWTSNIALL 



LNSR — ASTADENFITTMTLLGESWN 
LNTRNIAEGDNGDVSTTHGFS— SY— 
D-DVPMTQSFGCGSYAI 



Figure 1. Comparison of the pred 
indicated with ■ while perfectly conserved residues are indicated with *. The arrow indicates 
processing. 
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We have isolated and sequenced partial cDNA clones that encode SO-6, a ribosome-inactivating protein from 
Saponaria officinalis. A cDNA library was constructed from the leaves of this plant and screened with synthetic 
oligonucleotide probes representing various portions of the protein. The deduced amino acid sequence shows the 
signal peptide and a coding region virtually accounting for the entire amino acid sequence of SO-6. The sequence 
reveals regions of similarity to other ribosome-inactivating proteins, especially in a region of the molecule where 
critical amino acid residues might participate in the active site. 



The ribosome-inactivating proteins (RIPs) from various 
plant extracts inhibit protein synthesis of animal cells by ren- 
dering the 60S subunits of eukaryotic ribosomes unable to 
bind elongation factor 11. A single adenine residue is removed 
from ribosomal RNA in a region that is highly conserved 
between species [1]. RIPs can be classified as type 1 and type 
2 [2]. Type-2 RIPs (e.g. ricin, abrin. modeccin and viscumin) 
consist of an active A chain linked to a cell-binding B chain. 
The B chain binds to the sugar moieties of the cell surface, 
causing the A chain to enter the cell and enzymatically attack 
the ribosomes. Among type-2 RIPs, ricin, from Ricinus 
communis, is the most extensively studied. Its cDNA [3] and 
genomic DNA [4] have both been isolated and sequenced. 
Ricin is translated as a preproricin precursor containing a 
signal peptide and the A and B chains, separated by a linker 
peptide 12 amino acids long. The gene does not contain in- 
trons. The ricin A-chain gene was successfully expressed in 
Escherichia coli [5. 6], 

Type-1 RIPs were identified in extracts from Phytolacca 
americana, Phytolacca dodecandra, Dianlhus caryophyllus, Ge- 
lonium muliijlorwn, Momordica charantia. Saponaria offi- 
cinalis, and other plants [7]. These are single-chain RIPs lack- 
ing the ability to bind cells; thus, they are much less toxic, 
probably because they cannot penetrate into all cells. 

Their molecular mass ranges over 28 — 31 kDa. Some RIPs 
are glycoproteins, some contain little or no carbohydrates. 
Structural differences can be present in RIPs isolated from 
different tissues of the same plant, like in pokeweed antiviral 
protein (PAP) from leaves or from seeds (PAP-S) of Phy- 
tolacca americana or in RIPs isolated at different stages of the 
life cycle (PAP-1I, summer leaves) [8]. Both typc-1 and type- 

Correspondence to M. Soria. Farmitalia Carlo Erba. Viale E. 
Bez/.i 24, Milano. Italy 

Abbreviations. RIP, ribosome-inactivating protein; SSC, stan- 
dard saline citrate; PAP, pokeweed antiviral protein; SO-6, sapo- 

Note. The nucleotide sequence data reported here will appear in 
the EMBL. GenBank and DDBJ Nucleotide Sequence Databases 
under the accession number X 1 5655 (saporin 6) 



2 RIPs have been used extensively for the preparation of cell- 
specific immunotoxins [9- 1 1], 

Several type.l RIPs were isolated from Saponaria offi- 
cinalis [12]. Proteins with ribosome-inactivating activity were 
purified from seeds and leaves of the plant, and were shown 
to be structurally related. Among these, saporin-6 (SO-6) was 
the most active and abundant, representing 7% of total seed 
proteins. Other RIPs from seeds (SO-5) and leaves (SO-4, also 
named saporin-1 or SO-1) of Saponaria also cross-reacted with 
an antiserum raised agair.sl SO-6 [13. 14]. SO-6 had 40% 
amino acid sequence similarity with the RIPs from Phytolacc a 
americana (PAP) at its NH 2 -terminal sequence, though 
immunologically distinct from them and several other RIPs 
[13]. SO-4, SO-5 and SO-6 were partially sequenced, showing 
some differences al their NH 2 -terminal extremities [ 1 3, 15]. 

To date, no studies have yet been reported on I he genomic 
organization and sequence of type-1 RIPs and their Iran- 
scripts. As a first step towards this goal, we have isolated and 
characterized bacterial clones containing portions of a cDNA 
coding for the SO-6 RIP of Saponaria officinalis. 



MATERIALS AND METHODS 

Amino acid sequence of clostripain f ragments of SO-6 

SO-6 was purified as previously described [13]. For 
clostripain digestions, 200 mg SO-6 were dissolved in 50 mM 
ammonium bicarbonate pH~7.0, 4M urea, 10 mM dithio- 
treitol. 10 mM CaCl 2 . The enzyme was first activated for 1 li 
at room temperature in the same buffer without urea; then 
the digestion was carried out at room temperature overnight, 
with an enzyme/substrate ratio of approximately 1 :50. The 
reaction was stopped by addition of 0.1% FjCCOOH im- 
mediately before injection. 

Sequence analysis was performed by Edman degradation 
as previously described [15] in a gas-phase sequcnator (Ap- 
plied Biosystems, Foster City, CA, USA). A full description 
of the purification and sequencing of SO-6 will be described 
elsewhere (G. P. Nitti et al., unpublished results). 
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RNA isolation and cDNA library contructwn 

Total RNA from summer leaves of Saponaria officinalis 
was extracted by the guanidinc/isothiocyanate method [16]. 
Pol>(A)-rich RNA was isolated on a column of oligo(dT)- 
ccllulose [17], cDNA was synthesized essentially as described 
in [18] from 3 ug poly (A)-iich RNA using avian myeloblas- 
tosis virus reverse transcriptase (Amersham, UK), followed 
by second strand synthesis with DNA polymerase I (New 
England BioLabs. USA), yielding molecules ranging from 400 
bases to several kb (data not shown). After treatment with T4 
DNA polymerase (New England BioLabs, USA), addition of 
EcoR] linkers and EcoRl digestion, the cDNA was ligated to 
phage /IgtlO arms and packaged in vitro. The library was 
amplified using E. coli NM514 us host. The number of inde- 
pendent clones thus obtained was 3.3 x 10'° with a back- 
ground of non-recombinant phages of 36%. 

Preparation of oligonucleotide probes 

To probe the Saponaria leaf cDNA library, we initially 
designed a 1 1 1 -bp-long oligonucleotide, corresponding to the 
first 37 amino acids of thcNH 2 -terminus of SO-6 [13]. Eight 
different oligonucleotides, 19 — 28 bases long, were synthe- 
sized using an automatic DNA synthesizer (model 380B, Ap- 
plied Biosystems Inc.. Foster City, CA, USA), and assembled 
by ligation. The resulting double-stranded oligonucleotide 
was inserted into the Smal site of M13mp8 and the correct 
sequence was verified by the Sanger method [19]. Codons for 
this oligonucleotide were chosen from the frequency of codons 
in the seed storaee proteins present in sequence databases 
(GenBank. USA). 

A mixture of 16 21-base oligonucleotides, corresponding 
to clostripain fragment 5 (sec Fig. 1), was also synthesized. 
The mixture of short oligonucleotides was end-labeled using 
[y- 32 P]ATP and T4 polynucleotide kinase as described in [20]. 
The 1 11 -bp oligonucleotide, inserted into the single-stranded 
DNA phage M13mp8, was labeled by annealing to a primer 
complementary to the adjacent M13 sequence followed by 
treatment with Klcnow polymerase [18]. After £coRI and 
BamHl digestion to remove the oligonucleotide from the 
phage vector, the DNA was electrophoresed on a 3.5% 
polyacrylamide gel. After a very short autoradiographic ex- 
posure, the portion of the gel containing the probe was cut 
out and the oligonucleotide cluted overnight in water at 37 C. 
The specific activity was about 5 x 10 s cpm/ug DNA. 

Screening of the Saponaria leaves cDNA library 

About 200000 recombinant phages were plated on a lawn 
of E. coli NM514 cells. The phages were then transferred 
to duplicate nitrocellulose filters, their DNA was denatured, 
neutralized and filters were baked under vacuum at 80 C for 
2 h and were prchybridizcd in 6 x SSC, 5 x Denhardt's, 0.1%, 
SDS, 100 ug ml salmon sperm DNA at 50 C for 2 h and were 
then hybridized overnight at 50 C in the same mixture, adding 
1 x 10° cpm/ml of the 1 1 1 -bp oligonucleotide. The filters were 
washed in 0.1 x SSC. 0.1% SDS at 60 C and auto- 
radiographed. Positive phage plaques were isolated and 
screened again twice in order to isolate single clones. 

The clones that hybridized to the 1 1 1-bp probe were plated 
and screened with the labeled short oligonucleotide mixture. 
The filters were prehybridized in the same reaction mixture 
used for the 1 1 1 -bp oligonucleotide, but at 42"C for 2 h. The 
filters were then hybridized overnight at 42 C after addition 



Tabic I. Sequence of clostripain fragments 



Fragment Sequence 






of 2x 10 6 cpm/ml of the short oligonucleotide mixture. The 
filters were washed in 6xSSC, 0.1%, SDS at 45 C and 
autoradiographed. Only these clones giving positne results 
with both probes were selected for further characterization. 

Recombinant phage preparations and DNA sequencing methods 
The DNA of the positive clones was isolated by the 
LambdaSorb phage adsorbent method (Promega Biotec. 
USA), the insert was removed with EcoRl (Boehnnger. FRG) 
and ligated to the EcoRl site of M13mp8 [21[ in bolh direc- 
tions ofinsertion. Sequencing was carried out on both strands 
by the Sanger procedure [19] with Ml 3 sequencing primers 
(Amersham, UK), and subsequently with a series of synthetic 
oligonucleotide primers complementary to adjacent portions 
of sequenced cDNA (see Fig. 2). 

Genomic blotting 

Total chromosomal DNA was extracted [24] from seeds 
and leaves of Saponaria officinalis, digested with rc-aricuon 
endonucleases, separated by electrophoresis on a 0.8" o 
agarose gel and transferred to nitrocellulose. Probes were 
labelled by the Multiprime system (Amersham, UK) accord- 
ing to the manufacturer's instructions. Filters were hvbndi/.ed 
overnight in 5 x SSC at 65 C and washed in 0.1 > SSC, 0.1";, 
SDS at 65°C. The molecular mass of fragments was deter- 
mined using HimiWl digests of phage /. DNA as markers. 



RESULTS 

Identification ofcDNA clones 

Eight clostripain fragments of SO-6 were sequenced by 
Edman degradation (Table 1), confirming and extending the 
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OLIGOMUCLEOTIDK PROBBS 



A 

5'd ( GTG ACA TCA ATT ACG TTG GAC TTG GTG AAC 
Val Thr Ser lie Thr Leu Asp Leu Val Asn 



CCA ACA GCT GGA CAA TAC AGT AGC TTT GTG 
Pro Thr Ala Gly Gin Tyr Ser Ser Phe Val 



GAC AAG ATT AGG AAC AAC GTG AAG GAT CCA 
Asp Lys lie Arg Asn Asn Val Lys Asp Pro 



AAC TTG AAG TAC GGA GGA ACA 111 ) 3' 
Asn Leu Lys Tyr Gly Gly Thr 



B 

5'd (ATG.TA T - T T =. GGT.AAG.CC T . AAG ) 
Met. Tyr. Leu. Gly. Lys. Pro. Lys 

Fig 1 Regions of SO-6 selected for the synthesis of oligonucleotide 
prohes. The probes were designed to be complementary to the mRNA 
coding for amino acids 1 — .37 (A) and to seven amino acids from 
clostripain peptide 5 (B) 



previously determined sequences [13. 15]. From this infor- 
mation, oligonucleotide probes were constructed (Fig. 1) to 
screen a cDNA library from the leaves of Saponaria officinalis. 
The library was constructed using AgtlO and poly(A)-rich 
RN A from summer leaves (see Materials and Methods), yield- 
ing 1.2 x 10 h independent clones after background subtrac- 
tion. Inserts ranged in size between 600 bases and several kb 
(data not shown). 

Initial efforts at screening the library with short mixtures 
of oligonucleotides derived from sequences at the NH 2 -tcr- 
minus were unsuccessful. Therefore, a 1 1 1 -bp oligonucleotide 
(Fig. 1A) was assembled as described in Materials and 
Methods. We reasoned that complementary stretches in this 
probe should be sufficiently long for specific hybridization 
even in the presence of mismatches. Other genes were success- 
fully isolated using this approach [22]. 

200000 plaques from insert-containing clones were 
screened with the labelled Ill-bp oligonucleotide, yielding 
positive plaques that were isolated and successively rc- 
hybridized to the oligonucleotide mixture 21 A (Fig. IB) to 
confirm our selection. Two such clones, pBL6 and pB6aj2 
were selected for further analysis and were characterized by 
subcloning into £roRI-digested M13mp8 in both directions 
of insertion. 




Fig. 2. Partial restriction map of cDNA and .strategy of sequencing. 
Top: the 1600 bp cDNA clone pB6aj2. Bottom: the overlapping clone 
pBL6. &oRI sites in parentheses result from addition of linkers to 
cDNA. Small arrows indicate the direction and positions of small 
oligonucleotide primers employed for sequencing. Grey arrows indi- 
cate M13 universal primers 



Sequencing of clones 

The partial restriction map and sequencing strategy of 
pBL6 and pB6aj2 shows that these clones overlap completely 
(Fig. 2). DNA sequencing in both directions resulted in only 
one base difference between the two clones in the 5'-noncoding 
region (Fig. 3). Comparing the NH 2 -tcrminal amino acid se- 
quence of Saponaria RIPs reported previously |13, 15] to that 
predicted by the coding portion of the cDNA, the start point 
of the amino acid sequence could be identified with the trans- 
lation initiation site corresponding to a methionine codon, 
ATG, at nucleotide residues —72 to —70. The sequence 
further predicted an NH 2 -terminal extension of 24 amino 
acids for the putative signal peptide, and a cleavage site in 
agreement with the —1, —3 rule of Von Hcijne [231. The 
length of the signal peptide is the same as that of preproricin 
[3]. but no evident similarity in amino acid sequences is pre- 
sent. 

Comparison of the NH 2 -terminal sequences ami of in- 
ternal sequences from the clostripain fragments of SO-6 
(Table!) to the predicted amino acid sequence from the 
cDNA clones shows complete identity between these se- 
quences at all but one amino acid residue along the molecule 
(Fig. 3). Both pBL6 and pB6aj2 ended with a natural Ea>R\ 
site at their 3' end, that is, a site not resulting from the addition 
of linkers to the cDNA. Thus, we could not identify a trans- 
lation termination codon at the 3' end of these clones. At the 
protein level, positive identification of the C'OOH-lerniinal 
fragment of SO-6 was hindered by the resistance of this pro- 
tein to treatment with some proteases, including carboxy- 
peptidase (G. P. Nitti. unpublished observations) [12]. How- 
ever, treatment of SO-6 with CNBr or pepsin yielded frag- 
ments with overlapping COOH-tcrminal sequences lo that of 
clostripain fragment 5 (G. P. Nitti et aL unpublished results). 

Genomic blot analysis 

A //well fragment encompassing the coding region of 
clone pBL6 (Fig. 2) was used as the radioactive probe lor a 
Southern transfer of Saponaria genomic DNA. Digestion of 
seed DNA with fl.v/Nl, a methyiation-insensitive restriction 
enzyme, showed three hybridization bands of approximately 




Tit 1 \nch tiic \1c4ua1ct. ind deduced ammo acid sequence of cDN A 
clones. Residues are numbered with the firsi residue of the eodon 
specitvmg ihe ammo-terminal residue of the SO-6-like pro(ein num- 
bered 1. and ihc nucleotides on the 5' side of residue 1 indicated by 
negative numbers. The predicted amino acid sequence is given below 
ihe nucleotide sequence. Amino acids are numbered from the amino- 
termmal residue ot the protein and the preceding residues arc indi- 
cated bv negative numbers. The positions of amino acids confirmed 
b\ peptide sequencing are underlined. Differences with the sequences 
o! the clostnpain fragments (Table 1) are indicated beneath. The 
unique nucleotide differing m pB6aj2 is indicated above the sequence 



1.4 kb, 2.9 kb and 3.6 kb, respectively (Hg. 4). Digestion of 
leal' DNA with the same enzyme, and of seed and leaf DNA 
with other restriction enzymes like EcoRl. BamHl, BglU, 
Pvu\l and Sail, yielded partial restriction fragments, presum- 
ably due to protection of the corresponding sites on the DNA 
by methvlation [24], A prominent band of about 3.8 kb was 
present after digestion of leaf DNA with Bgfll, and a much 
weaker band of similar size was also present in [-digested 



seed DNA. These bands are probably due to strong cross- 
hybridization with other 5. officinalis genes of chloroplasl 
origin in the leaf tissue, and of plastid origin in the seeds, such 
as those coding for nbosomal RNA (L. Bcnaiti, unpublished) 
or RNA polymerase [25]. This interpretation is supported 
by recent findings on the discontinuous tienetic system of 
ribosomal RNA in the mitochondrial "DNA of Chla- 
midomonas reinhardlii, where large transcripts of scrambled 
rRNA have been found interspersed with protein coding se- 
quences [26]. 



DISCUSSION 

In this paper we report the first isolation and DNA se- 
quence of cDNA clones encoding a type-1 RIP, Ihe SO-6 RIP 
of Saponaria officinalis. In previous studies, wc have shown 
that RIPs from the seeds and leaves of Saponaria officinalis 
possess varying levels of amino acid sequence similarity 
among themselves and with members of other plant families 
like the Phylolaccaceae |13, 15]. Besides similar functions, all 
these RIPs arc present in different forms in the seeds or leaves 
of the plant, and are subject to seasonal variations in the same 
plant [8]. Wc have now extended our previous observations 
on the amino acid sequence of SO-6 to other parts of the 
protein after enzymatic fragmentation. Based on this infor- 
mation, we designed and synthesized a mixture of 
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oligonucleotides and used these as a probe to screen a cDNA 
library from summer leaves of Saponaria officinalis, in an 
attempt to isolate cDNA clones coding for RIPs present in 
leaf tissue. In this manner, the library was screened with two 
different probes corresponding to different regions of SO-6. 
This was necessary due to the abundance of cross-hybridizing, 
false-positive clones in the library, presumably of chloroplast 

The cDNA clones, pBL6 and pB6aj2, encode a protein 
showing high similarity to the RIPs of Saponaria officinalis. 
The NH 2 -terminal sequence and the sequence of eight 
clostripain peptides of pure SO-6 covering a total of more 
than 100 amino acid residues were the same as the deduced 
cDNA sequence, providing unambiguous evidence that the 
cloned cDNAs derived from mRNA coding for SO-6 or an 
almost identical Saponaria RIP (Fig. 3). The few differences 
with the experimentally determined amino acid sequences of 
SO-6 (Table 1) [15] might be due to heterogeneity between 
seed varieties, or to different forms of such Saponaria RIPs 
present in the plant as in the case of PAP [8] and of ncin [3]. 
Whether such heterogeneity is a reflection of variability in the 
genetic system of Saponaria RIPs remains to be established. 
However, only three genomic DNA restriction fragments 
hybridized to a Hindi fragment from one of the clones, 
suiiiiestine that SO-6, like ricin. is a member of a small multi- 
gene family [4]. 

Since both pBL6 and pB6aj2 are partial cDNA clones, the 
missing portion of the cDNA for SO-6 might still code for a 
small COOH-terminal extension of the mature protein, fol- 
lowed by the stop codon(s) and polyadenylation signal. 
Alternatively, clostripain fragment 5 (Table 1) might be the 
COOH-terminal peptide of mature SO-6. If this were the case, 
SO-6 might derive by a processing mechanism from a longer 
protein precursor whose cDNA would extend beyond the 3' 
end of pBL6 and pB6aj2. Then, all the coding portion for the 
COOH-terminus of mature SO-6 would be contained in pBL6 
and pB6aj2. Preliminary evidence suggesting this possibility 
derives from fragmentation studies of SO-6 with CNBr or 
pepsin, all yielding fragments terminating with an identical 
sequence to that of clostripain fragment 5 (G. P. Nitti et 
al.. unpublished results). Similar post-translational processing 
mechanisms of a COOH-terminal extension were recently de- 
scribed in the precursors of y-interferon [27] and of tobacco 
glucanase, a plant defense-related enzyme [28]. 

Complete amino acid sequences are now known for ricin 
A and B chains [3], for trichosanthin [29], for barley protein- 
synthesis inhibitor [30] and for E. coli Shiga-like toxin [31]. 
Considerable amino acid sequence similarity has been ob- 
served among these proteins, all sharing a similar mechanism 
of action [32]. In addition, high-resolution crystallographic 
studies of ricin allowed visualization of a prominent cleft in 
the A subunit, that was suggested to contain the active site of 
the RIP [33, 34], Examination of similarity between these 
sequences and the protein sequence derived from the pBL6 
clone reveals the presence of similarly conserved residues 
around the proposed active-site cleft (Fig. 5). This similarity 
strengthens the notion that there could be a strong retention 
of three-dimensional structure among these proteins having 
similar catalytic functions, with critical amino acid residues 
conserved, especially in the region of the active site [34]. 

The SO-6 RIP from S. officinalis has yielded very promis- 
ing results as a candidate partner for the synthesis of immuno- 
toxins. It has been suggested that its characteristic high pi 
[35] contributes to form compact immunoconjugates in the 
circulation by electrostatic interaction of SO-6 with the ncga- 
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tively charged antibody, thus protecting the conjugate's 
chemical linkage from degradation [36]. This, coupled to the 
RIP's remarkable resistance to proteases and .stability, results 
in iminunotoxins with excellent pharmacokinetic character- 
istics [37] and powerful activity in vitro and in vivo [38 — 40]. 
Recombinant chimaeras between genes coding for bacterial 
toxins and ligands are now becoming available to kill selec- 
tively receptor-bearing cells [41 —44], Thus, the availability of 
the gene encoding SO-6 should allow the design of powerful 
biochemical and genetic conjugates for specific cellular 
targeting. 
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